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Abstract 
 
Long-Term Monitoring of Rare Gypsum Communities  
in the Eastern Mojave Desert: A Study in Science and Art 
 
By 
 
Tiffany J. Pereira 
 
Dr. Scott R. Abella, Examination Committee Chair 
Assistant Professor of Life Sciences 
University of Nevada, Las Vegas 
 
 
For land managers, reliable estimates of soil seed banks, and more specifically, change in 
seed banks over time, provide insight into the restoration and regeneration potential of the 
landscape, site history and disturbance mapping, and, invasive and rare plant management.  To 
understand the intricacies of desert soil seed banks in relation to aboveground vegetation change, 
my research evaluated long-term change in soil seed banks, fertile islands, and plant 
communities of conservation-priority gypsum rare plant habitat of the eastern Mojave Desert.  
Research found significant spatial and temporal differences in seed bank composition and 
density over an 11-year period; however, the gypsum aboveground communities nevertheless 
maintain strong spatiotemporal patterns. 
This study also explored two related topics in order to support land managers in 
vulnerable desert landscapes from a conservation and restoration standpoint.  The rare species 
Arctomecon californica occupies gypsum habitat and is considered critically endangered by the 
state of Nevada and is provided federal protection under the Clark County Multiple Species 
Habitat Conservation Plan.  Results are the first to demonstrate the significant effect of cold 
stratification on A. californica seed germination in a laboratory setting providing a crucial step-
forward in ecology of the species.  
iv 
The final component of this research involves the use of traditional and contemporary 
scientific illustration techniques to provide a novel identification tool for Mojave Desert seeds 
and young germinates.  This guide will not only assist in future soil seed bank analysis and field 
surveys but could also be used as an important teaching and outreach tool for students.   
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Chapter 1: Literature Review 
Soil Seed Banks 
Soil seed banks are integral to the development of foundational theories in plant ecology 
such as species evolution and succession.  Darwin (1859) observed the presence of stored seed in 
the soil of pond ecosystems, commenting on the seeds’ potential to facilitate future plant 
establishment.  Natural selection in high seed-yield years can disproportionately impact the 
direction of evolutionary change (Venable 1989).  Moreover, soil seed banks influence 
ecological processes such as: invasion biology (Robertson and Hickman 2012); plant 
establishment and community assembly (Richardson et al. 2012); and genetic storage in response 
to climate change (Damschen 2012).  
Although soil seed banks are important ecologically, seed bank research historically 
lacked funding and coordinated goals (Venable 1989).  Utilizing varied approaches, isolated 
studies were often conducted as subsidiary projects of larger primary research foci (Venable 
1989).  Soil seed banks are now the focal point of research in their own right.  In a broad sense, 
our understanding of soil seed banks can be categorized both spatially and temporally.  Spatially, 
the scale of understanding ranges from the relation of soil seed banks to foundational theories in 
ecology and evolution to soil seed bank dynamics, in particular landscapes and ecosystems.  The 
spatial scale can be further categorized by investigations of seed banks in rare soil types or even 
beneath certain shrubs.  Temporally, we can discuss soil seed banks in relation to long-term 
change or their influence on annual aboveground vegetation.  Within this framework avenues for 
further research and understanding persist.   
The performance potential (discrepancies, advantages and disadvantages) of two main 
methods of seed bank characterization (emergence and extraction), and the long-term influence 
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of interspace and perennial microsites (fertile islands) on seed banks over time, are poorly 
understood for desert ecosystems (Abella et al. 2013). This knowledge gap is especially 
important given that climate change and ecological disturbances (such as exotic plant invaders, 
disease and construction) are accelerating within this biome.  Desert systems contain many 
species reliant on soil seed banks for their population persistence through unfavorable times 
(Abella et al. 2013).  
The History and Importance of Soil Seed Banks 
Soil seed banks are comprised of all viable seeds present on or in the soil or associated 
ground litter.  Soil seed banks display various spatial and temporal dimensions.  For example, 
seeds exhibit both horizontal and vertical dispersion related to initial dispersal (e.g. water, wind 
or animal) and movement thereafter (Simpson et al. 1989). Temporally, seed banks can generally 
be classified in two broad ways: transient, with seeds germinating within a year of dispersal; or 
persistent, where seeds remain dormant in the soil for longer than a year.  
Initially, the soil seed banks of “weed” species were the focal point of studies due to their 
influence on agriculture (Simpson et al. 1989).  Changes in community composition due to 
exotic plant invasions can alter the composition and abundance of plant species in the soil seed 
bank (Robertson and Hickman 2012).  The seeds of pioneer or early successional species (which 
includes weeds and invasives) may persist in seed banks until later successional stages (Simpson 
et al. 1989).  Between 1970 and 1980 the conversation regarding soil seed banks experienced a 
shift as researchers defined and solidified soil seed banks as a research focus in their own right, 
expanding the discussion in terms of ecosystems and landscapes. 
Soil seed banks can be found in a variety of ecosystems and landscapes, such as annual 
grasslands, meadows, cultivated lands, forests, and wetlands.  Even lakes and ponds can contain 
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a seed bank of opportunistic species, which can grow rapidly as waters recede.  Arctic and alpine 
seed banks are generally smaller than those found in grasslands but, contrary to early belief, are 
comparable to those of temperate forests (McGraw 1989).  More than half of all tundra species 
have seed banks, with the cold (sometimes frozen) soil providing long-term seed preservation 
(McGraw 1989).  The latter aspect has great implications in the fields of paleobotany and the 
determination of historical seed banks and plant communities.   
In coniferous forests, buried soil seed banks are not extensive, with seeds losing viability 
quickly (Archibold 1989).  However, adaptive strategies to disturbance, particularly frequent low 
or high severity fire, include a higher prevalence of early successional species in the seed bank.  
Dominant species, on the other hand, rely primarily on vegetative regeneration (Archibold, 
1989).  In temperate and deciduous forests, seed banks are usually most diverse and dense early 
in succession, declining with time but aiding plant recovery.  Likewise, mature tropical forests 
contain a seed bank of pioneer species; however, the fate of seeds in tropical soil (dynamics, 
burial rate and depth) all warrant further research (Garwood 1989).   
Grassland communities exhibit a distinct difference between the established soil seed 
bank and aboveground vegetation.  Soil seed banks appear more developed for annuals rather 
than perennials and more extensive for forbs than grasses (Rice 1989).  In contrast, variation in 
seed bank dynamics is reflected in the aboveground vegetation composition of chaparral species 
(Parker and Kelly 1989).   
Ultimately, soil seed bank dynamics can provide insurance for communities in response 
to change.  A vast soil seed bank can contain a form of genetic resistance and resilience in the 
form of diverse species, phenotypes, and genotypes that can germinate and repopulate if the right 
circumstances (to break dormancy) are met.  Richardson et al. (2012) found that annual seed 
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cohort diversity and microhabitat heterogeneity have positive effects on community density and 
plant establishment particularly in high stress systems.  Damschen et al. (2012) conducted a 
literature review indicating that soil-seed bank communities would be at risk of climate change 
due to spatial and non-spatial factors. Spatial factors include loss of suitable habitat and changing 
dispersal trajectories, while non-spatial factors include fire frequency, herbivory, atmospheric N 
deposition and below-ground feedbacks of changing litter decomposition and composition of soil 
crusts.  Curiously, Damschen et al. (2012) also presented evidence that the stress-tolerant 
functional traits of special soil communities may put those communities at less risk than normal 
soil communities.  
Soil Seed Banks in Desert Ecosystems 
Seed banks are particularly important in desert ecosystems where seeds may remain 
viable in the soil for many years (Kemp 1989).  Thus desert plants possess the ability to weather 
unfavorable conditions, reestablishing populations when conditions improve (Pake and Venable 
1996).  Additionally, laboratory and field studies have shown that for certain desert annual 
species, a fraction of viable seeds remains dormant, even under favorable conditions for 
germination (Kemp 1989, Pake and Venable 1996).  This fractional germination allows for a 
buildup of between-year seed banks, buffering plant progeny for potential reproductive failure 
events, such as a year in which little replenishing seed is produced.  Given that germination 
responses to temporal variation are species-specific, in systems where species maintain a 
persistent seed bank a low-density species can occasionally experience favorable growth and 
reproductive years in the absence of competition (Pake and Venable 1996).  This genetic 
buffering is especially important in desert ecosystems, where exotic plant invasions can thrive on 
high seed production and dispersal (Robertson and Hickman 2012).  
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In desert ecosystems seed reserves are highly variable in both space and time (Reichman 
1984, Thompson 1987).  Seed densities are lowest in washes and large interspaces between 
shrubs, moderate between shrubs, and highest in artificial and naturally occurring depressions in 
the soil surface (Reichman 1984).  Small or round seeds formed high-density patches as opposed 
to large or long seeds (Reichman 1984).  Pake and Venable (1996) demonstrated that larger-
seeded species had lower variance in reproductive success, which was also correlated with a 
smaller number of seeds entering the seed bank.  Thus, as a form of bet-hedging, having either 
larger seeds, lowering the variance in reproductive success, or conversely, smaller seed size but a 
large seed bank, allows for reduced risk.  
Many factors affect seed dispersal and deposition in desert systems including wind, flash 
flood events, animals, and seed morphology (Nelson and Chew 1977, Reichman 1984, Guo et al. 
1998).  In particular near-ground dispersal or movement is important in desert environments with 
wind churning the soil and seed particles while flooding/run-off alter and move topsoil.  Small 
depressions in the soil surface serve as important wind traps for seeds moving along the surface 
of the soil similar to eddies in a flowing stream along a streambed (Reichman 1984).   
Seed bank dynamics are also influenced by predation, local decay, and seed movement 
(Chambers and MacMahon 1994).  Animals are an important factor influencing seed 
distributions and densities.  Desert fauna forage on seeds based on numerous factors such as seed 
morphology and protein content, with rodents, birds, and ants playing important roles (Defalco et 
al. 2009).  Rodent species seek out seeds of specific sizes and in specific microhabitats, while 
ants concentrate on the most abundant smaller seeds (Reichman 1984).  The burrowing activities 
of non-granivorous animals likewise stir soil material, allowing seeds to move deeper for long-
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term storage or potentially upward where germination potential may increase (Chambers and 
MacMahon 1994).   
Soil Seed Banks in Relation to Aboveground Vegetation and Fertile Islands  
Seed bank structure, to some extent, reflects the aboveground plant community structure. 
Studies have elucidated the effects of climate, soil, and granivores on plant communities in the 
North American deserts (e.g. Reichman 1984, Guo et al. 1995).  Increasingly, research has called 
attention to the role of seed banks in plant community structure and dynamics (Chambers and 
MacMahon 1994; Guo et al. 1998).  In turn, aboveground vegetation, such as perennial woody 
shrubs, plays an important role in the high spatial variability of seed banks (Nelson and Chew 
1977, Reichman 1984).  Known as “fertile islands,” these sub-canopy microhabitats not only 
influence soil seed bank composition, but also can provide unique microclimates and nutrient 
rich soil for increased annual germination (Reichman 1984, Zhang et al. 2016).  Reichman 
(1984) found that within microhabitats of low overall seed density there were microsites of high 
seed densities.  Greater seed density is also likely below perennial plants (Guo et al. 1998, Abella 
et al. 2013).  While seed densities may not correlate with shrub canopy volume (Reichman 
1984), other mechanisms might explain greater densities under perennial shrubs such as 
microtopographic depressions, perennial seed production itself, favorable microclimate, and 
increased soil fertility fostering greater annual production (Abella et al. 2013).   
Seed Banks in Rare Plant, Gypsum Soil Communities  
The dynamics of soil seed banks in gypsum habitat are also an area of research concern.  
The rare gypsum habitat of the eastern Mojave Desert supports two sensitive species protected 
7  
by a conservation plan under the Endangered Species Act: sticky ringstem (Anulocaulis 
leiosolenus var. leiosolenus) and Las Vegas bearpoppy (Arctomecon californica).   
Unfortunately, investigations of soil seed banks in rare gypsum soil habitat are scarce, 
with most work completed in the Iberian gypsum steppes of Spain.  Olano et al. (2005) found 
that seed bank density was the best predictor for annual plant community cover in gypsum 
habitat, with aboveground vegetation and seed bank dynamics strongly related in terms of 
abundance and species composition.  Abella et al. (2013) showed that capturing microsite 
variation was critical for efficiently estimating soil seed banks in gypsum habitat.   
Early understanding of soil seed banks often came from demographic studies of single 
species, in which plants were tracked through their entire life cycle and growth stages.  In this 
vein, further understanding of seed bank dynamics of sensitive species can come from research 
concerning plants found exclusively or predominantly on rare soils. For example, Arctomecon 
californica is found mainly on gypsum (calcium sulfate dihydrate) outcrops, but has additionally 
been observed on claybeds, high-boron shales (Meyer 1986), desert pavement and “gravelly 
slopes” (Mistretta et al. 1996).  In the event of poor reproductive years or the loss of live adult 
plants, the population may persist in the seed bank and germinate after winter rains (Meyer 1987, 
Mistretta et al. 1996).  Megill et al. (2011) conducted research on the relative location of and 
distribution of A. californica seeds and plants as well as a habitat indicator survey of the 
environment supporting the seeds and plants.  Arctomecon californica seed was found in the soil 
seed bank in the top 4 cm of soil, with variability found between sampled sites; however, no 
significant change in seed density was observed between sampled depths (Megill et al. 2011).  
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Long-term Change in Desert and Gypsum Soil Seed Banks  
The evaluation of long-term, multi-year change in desert soil seed banks remains an 
underrepresented area of research, particularly in the Mojave Desert, where a focus is placed on 
exotic and invasive plant seed banks or post fire seed bank investigations (eg. Esque et al. 2010; 
Robertson and Hickman 2012, Jurand and Abella 2013).  Moreover, evaluating long-term change 
in rare soil communities is significant due to the prevalence of endemic species, which make 
large contributions to regional floristic diversity.    
Research with a focus on long-term change in gypsum soil seed banks is also lacking, 
with a notable exception outside of the Mojave Desert.  In a rare three-year study of seed bank 
recovery in the gypsum soil conducted outside Madrid, Spain, Olano et al. (2011) removed and 
replaced native soil with sterilized soil, monitoring seed bank recovery over timer.  They 
demonstrated that seed banks can recover rapidly even under the demanding conditions of semi-
arid environments.  No differences in seed bank density were found 18 months after the start of 
the experiment.   
Damschen et al. (2012) focused on plant communities found on “special soils,” defining 
them as soils derived from unusual bedrock, such as serpentine, gypsum, limestone, dolomite 
and shale (i.e. ‘azonal’, or ‘low nutrient’ communities). Damschen et al. (2012) presented 
evidence that the stress-tolerant functional traits of special soil communities may put those 
communities at less risk than normal soil communities.  However, even they acknowledged the 
research gap regarding special soils, particularly gypsum.  Damschen et al. (2012) asserted that 
future research is needed comparing climate change (long-term change) effects among different 
soil types, specifically including both “special” soil types and “normal” soil types in order to 
determine long-term change as a possible result of climate change.  Further long-term 
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evaluations would be beneficial to elucidating the complexities of not only desert soil seed 
banks, but the intricacies of rare soil habitats that exist in desert ecosystems.  
Soil Seed Bank Characterization Techniques 
There are two main categories for characterizing soil seed banks from soil samples: 
emergence and extraction (Thompson et al. 1997, Baskin and Baskin 1998).  Both have 
advantages and disadvantages in terms of the number of seeds detected, species richness for 
detected seed, and convenience.  Considering that current knowledge of soil seed banks is often 
based on these techniques the value of improving and determining best practices should not be 
underestimated.   
In the emergence method, soil samples are placed in pots or flats in greenhouses and 
germination is allowed to occur after simulated rainfall is applied.  Emerging seedlings are 
identified and pulled, with tallies used as an estimate of the soil seed bank.  Advantages include 
insuring the viability of the detected seed bank, and the relative ease of taxonomic identification 
(from a living plant vs. a seed); however, maintaining growing conditions for months in a 
greenhouse is time intensive, and despite best efforts, there is no guarantee that all seeds will 
germinate (Roberts 1981).   
In the extraction method, seeds are physically separated from the soil samples by sieving 
and flotation.  Isolated seeds are then identified (Roberts 1981).  Advantages include a relatively 
faster process without needed months for germination; however, aside from the exhaustive task 
of identifying seeds microscopically, viability of isolated seed is not readily determined without 
additional tests or an additional germination trial.  In doing so, researchers are combining the 
strengths of both seed bank assays, which may be beneficial and most accurate (Abella et al. 
2013) 
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The processes used to characterize soil seed banks have yet to be perfected.  Indeed, seed 
bank estimates utilizing extraction and emergence often produce conflicting results (Forcella 
1992; Ishikawa-Goto and Tsuyuzaki 2004, Bernhardt et al. 2008).  In some cases, extraction and 
emergence methods could be combined with other methods (such as cold stratification and 
flotation) to enhance results, although differences in the number of species still occurred (Gross 
1990).  Despite method comparison studies, conflict and uncertainty still arise regarding the 
performance of each technique (Price et al. 2010, Abella 2013).  Thus, further research is needed 
to perfect methods that can calibrate each technique, or perhaps utilize both to greater benefit and 
a more precise soil seed bank estimate. 
Conclusion 
The characterization of soil seed banks in deserts and other biomes globally is an 
important topic in order to predict community responses to ecological disturbances (such as 
exotic plant invaders, disease and land-use change).  Many species rely on soil seed banks for 
resistance and resilience to changing environments.  These species play a role as part of their 
ecosystems and greater landscapes.  In turn, humans rely on the ecosystem services provided by 
these landscapes.  From a conservation and restoration standpoint, land managers tasked with 
conserving vulnerable desert landscapes may benefit from an assessment of seed bank change 
over time.  Thus, the need for, and the implications of, future research in this field of soil seed 
bank science should not be ignored.  This work has implications for the understanding of arid 
landscape soil seed bank dynamics, advancing the knowledge of seed bank and aboveground 
vegetation dynamics in rare soil habitat.  
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The Las Vegas Bearpoppy, Arctomecon California 
Further understanding of seed bank dynamics of sensitive species can come from 
research concerning plants found exclusively or predominantly on rare soils.  Furthermore, 
knowledge of the mechanisms and factors influencing seed germination are important for 
successful conservation and restoration of sensitive plant species.  Arctomecon californica is 
primarily found on gypsum (calcium sulfate dihydrate CaSO4·2H2O) outcrops (Mistretta et al 
1996).  Given its listing as critically endangered by the State of Nevada and federal protection 
provided by the Clark County Multiple Species Habitat Conservation Plan (U.S. Endangered 
Species Act), A. californica is an ideal subject for further seed germination investigations of 
plants found on unique soil habitats.   
Range and Habitat 
 Arctomecon californica is a rare, short-lived, herbaceous perennial endemic to the 
Mojave Desert of southern Nevada and northern Arizona.  This species is a member of the poppy 
family (Papervaceae) and one of three members of the Arctomecon genus distributed in the 
region.  The two other species of the genus Arctomecon include the federally endangered 
Arctomecon humilis (Dwarf bearpoppy), restricted to southwestern Utah (Harper and Van Buren 
2004) and Arctomecon merrimii (White bear poppy), distributed in southern Nevada and 
southeastern California (MacMahon 1985).  These species adapt their common name, bearpoppy, 
from their genus: Arctos (bear) and mecon (poppy). 
Arctomecon californica habitat mainly consists of gypsum barrens (Swearingen 1981) 
containing gypsum content between 18-69% (Meyer 1996).  The species has additionally been 
observed on claybeds, high-boron shales (Meyer 1986), desert pavement and “gravelly slopes” 
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(Mistretta et al. 1996).  These unique edaphic communities also support other species that are at 
least partially tolerant of gypsum presence such as: Atriplex confertifolia, Anulocaulis leisolenus, 
Camissionia multijuga, Eriogonum inflatum.  Phacelia palmeri, and Phacelia pulchella (Meyer 
1989). 
Life History and Demographics  
 A short-lived perennial, A. californica is composed of live and dead basal rosettes and an 
underground taproot.  From these fluffy basal leaves arises one stalk, which ends in multiple 
golden-yellow flowers.  Plants flower from March to June 1–2 years after establishment, and are 
generally self-incompatible, a mechanism preventing inbreeding and promoting genetic variation 
(Meyer 1987).  As a result, A. californica requires cross pollination to produce a mature seed set 
(Sheldon-Thompson and Smith 1997), relying on a suite of pollinators such as bees, wasps, and 
ants.  However, the most important pollinators are the rare (and declining) Mojave poppy bee 
(Perdita meconis) and the Adrenid bee (Hickerson 1998, Portman et al. 2018).  Plants live 
approximately 4–5 years and have a relatively high reproductive output of 91.3 ± 3.5 seeds per 
fruit (Meyer 1987).  Nevertheless, they rely on a long-lived seed bank for population insurance 
(Mistretta 1996, Megill 2011).  Germination typically occurs during the winter months after a 
cold rain (Meyer 1987) with the seedling stage suffering the highest mortality rates of all life 
stages (Meyer 1996, Sheldon-Thompson and Smith 1997).   
Decline and Conservation Efforts 
Imperiled due to habitat destruction and fragmentation (Hickerson and Wolf 1998; Megill 
et al. 2011), A. californica is listed as critically endangered by the State of Nevada and has 
protection provided by the Clark County Multiple Species Habitat Conservation Plan (MSHCP) 
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under the Endangered Species Act (Clark County Department of Comprehensive Planning 2000).  
Arctomecon californica has been declining across its range since a reported population high in 
1994 (Megill and Walker 2006).  The most recent population monitoring occurred for the Clark 
County MSHCP in 2008-2009.  At all but one site, randomly selected from 108 historic and 
current sites documented in 1996, the number of A. californica individuals decreased, percent 
cover decreased, and very few seedlings were documented (Bangle et al. 2010).   
Forty-nine Arctomecon californica populations in the eastern half of the species range are 
located under the jurisdiction and management of The National Park Service (NPS) at Lake 
Mead National Recreation Area and the Bureau of Land Management.  While management and 
protection now fall under the realm of the Clark County MSCHP and the National Park Service, 
mitigation plans provided to developers often require Arctomecon californica plant salvage for 
compliance.  However, proper restoration techniques (such as plant salvage and transplanting) 
for A. californica have had limited success (Winkel 2004, Megill et al. 2011) and it is unclear 
exactly what methods companies are required to employ.  Research addressing salvage and 
transplanting has only been conducted at the Springs Preserve, operated by the Las Vegas Valley 
Water District and home to two populations of A. californica.  Winkel (2004) revealed the 
tedious problem of salvaging mature plants and seedlings while exploring the sensitive nature of 
the root system, consisting of a deep taproot capable of growing through and around petrocalcic 
soil layers.  
To further complicate restoration and conservation efforts, propagation and germination 
techniques remain poorly understood (Megill 2007).  In unpublished laboratory trials, evidence 
suggests that seeds require a temperature stratification of moderate, then chilling, imbibition 
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(Meyer 1996).  However, trials appear to have ceased before project completion and thus, final 
results were never published.   
Conclusion 
Across its range, A. californica populations are still subject to development, compaction, 
mining, off-road vehicle usage, grazing and trampling by wild burros and horses.  The species’ 
reproductive ecology, death of live plants with seed bank bet-hedging to reestablish under better 
conditions, also has led to habitat loss.  In the past, development proceeded on suitable habitat 
without visible plants under the assumption the habitat was unoccupied or no longer suitable 
(Megill 2007).  These combined attributes have led the Center for Biological Diversity to 
recently notify the state of Nevada “that it will seek federal endangered species protection for 
two rare wildflowers,” one being A. californica (Press Release, March 8, 2019).  The impact of 
this decision is heightened by a formal petition already in place with the US Fish and Wildlife 
Service to list the Mojave poppy bee as endangered.  The unique crossroads of these two species, 
engaged in a symbiotic mutualistic relationship, only heightens the importance of knowledge 
gaps regarding A. californica.  
The ability to reliably salvage and transplant adult plants and seedlings requires further 
attention as the newly transplanted plants (that survived) died after seed production (Winkel 
2004).  Another method, topsoil salvage from A. californica habitat, attempts to move substrate 
in the hope that seeds will germinate elsewhere.  Both the aforementioned techniques fall short 
due to the overarching lack of knowledge concerning germination cues for this species.  While it 
seems A. californica may have a low germination rate overall, a proper protocol for testing 
viability of seed and for instigating emergence in a controlled setting would be highly beneficial 
and is highly sought by agency personnel, land managers and botanists alike.  
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Chapter 2: Long-term Monitoring of Seed Banks, Fertile Islands, and Rare Gypsum 
Communities in the Eastern Mojave Desert 
Introduction 
In a broad sense, our understanding of soil seed banks can be categorized both spatially 
and temporally.  Spatially, the scale of understanding ranges from the relation of soil seed banks 
to foundational theories in ecology and evolution (Darwin 1859, Thompson 2000, Richardson et 
al. 2012, Robertson and Hickman 2012, Chiquoine 2018) to soil seed bank dynamics in 
particular landscapes and ecosystems (Leck et al. 1989).  The spatial scale can be further 
categorized by investigations of seed banks in rare soil types or even beneath certain shrubs, 
creating unique microsites below and under them (Olano et al. 2005, Abella et al. 2013).  
Temporally, we can discuss soil seed banks in relation to long-term change or their influence on 
annual aboveground vegetation.   
The temporal and spatial dynamics of soil seed banks are major players in those of global 
plant communities as a whole (Grime 1981, Leck 1989; Grime 2001).  Yet, while the spatial and 
temporal understanding of aboveground communities is well known, our understanding of soil 
seed banks increases or decreases in relation to the spatial and temporal scale considered.  Thus, 
as one moves up or down in scale spatially or temporally, avenues for research and further 
understanding exist.   
Temporally, studies evaluating long-term soil seed bank dynamics and trends are rare, 
particularly in desert systems (Abella et al. 2013).  This knowledge gap is of utmost importance 
due to the threat of climate change and increased disturbance in desert environments and rare 
plant habitat (Megill 2011, Chiquoine 2018).  Soil seed banks are crucial for resilience, in the 
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form of genetic storage, particularly in response to climate change (Thompson 2000; Damschen 
2012).  At the intersection of the spatial and temporal scales, documentation of long-term 
changes in soil seed bank composition could enhance our understanding of aboveground 
community change.  At a finer spatial scale, the long-term influence of interspace and perennial 
microsites (fertile islands) on seed banks are poorly understood for desert ecosystems and rare 
soil communities.   
An evaluation of the main methods employed for soil seed bank characterization often 
yields a discussion of the advantages and disadvantages of two prevailing methods: emergence 
and extraction.  However, research shows that these methods have yet to be perfected, often 
producing conflicting results (Abella et al. 2013; Chiquoine and Abella 2018).  More research is 
needed to alleviate the discrepancies so researchers can utilize the most efficient practices to 
obtain accurate results.   
As part of a 2007 soil seed bank study, ten permanent transects were established in the 
Eastern Mojave Desert, Nevada (Abella et al. 2013).  These sites provided a rare re-measurement 
opportunity to assess long-term change in soil seed banks, fertile islands, and plant communities 
of conservation-priority gypsum rare plant habitat of the eastern Mojave Desert.  Furthermore, 
the gypsum habitat supports two sensitive species protected by a conservation plan under the 
Endangered Species Act: sticky ringstem (Anulocaulis leiosolenus var. leiosolenus (Torr.) 
Standl.) and Las Vegas bearpoppy (Arctomecon californica Torr. & Frém.).  
Thus, the objective of this study was to address the important temporal and spatial 
knowledge gaps in soil seed bank and desert plant communities by assessing long-term change in 
seed banks, fertile island influence, and rare gypsum communities in the Eastern Mojave Desert 
over an 11-year period.  Accordingly, I addressed two questions, both centered around a spatial 
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and temporal framework.  First, do comparative analyses of soil seed bank data from 2007 and 
2018 reveal long-term change in soil seed bank composition? If so, which species or groups are 
positively or negatively affected over time and do fertile islands affect composition?  Second, 
can we associate soil seed bank change with aboveground vegetation change in rare plant 
gypsum soil habitat? If so, which of the tested soil seed bank characterization methods produces 
data with the most significant correlation to aboveground vegetation?  
For land managers, reliable estimates of soil seed banks, and more specifically, change in 
seed banks over time, provide insight into the restoration and regeneration potential of the 
landscape, site history and disturbance mapping, and invasive and rare plant management 
(Lavorel and Garnier 2002).  Through better understanding of the spatial and temporal drivers of 
plant communities in this unique yet stark habitat, this research aims to provide resource 
managers and stakeholders new tools to address the challenges faced in desert systems.   
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Methods 
Study Area  
Ten established study sites were established in the eastern Mojave Desert in Lake Mead 
NRA and adjacent Bureau of Land Management (BLM) lands in southern Nevada, southwestern 
USA (Figure 1).  These sites, spanning 59 km, were originally selected because they are 
maintained and monitored as rare plant habitat by the National Park Service (Abella et al. 2013).  
The Boulder City (elevation 762 m) and Alan Bible Visitor Center (elevation 500m) weather 
stations in Southern Nevada recorded the following averages: daily high July temperature of 
39°C, daily low January temperature of 4°C, and 13 cm year -1 of precipitation (1931–2018 
records; National Centers for Environmental Information, USA; Figure 2).  
Approximately 73% of annual precipitation is recorded in September through April, 
which stimulates the growing season for winter annual plants, with peak reproduction occurring 
from March through May, depending on the timing and the amount of rainfall (Beatley 1974).  
Elevations across sample sites ranged from 383 to 634 m, with flat to undulating topography 
with <10% slope gradients (Table 1).  All sites are located on or associated with gypsum parent 
material and classified as Petrogypsids, Haplocalcids, Haplogypsids or Calcicargids (Lato 2006; 
Abella et al. 2013). 
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Figure 1: Map of Lake Mead National Recreation Area and adjacent Bureau of Land Management 
owned land with 10 study sites indicated.   
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Physiognomy follows a typical Mojave Desert community, consisting of scattered 
perennial shrubs, between-shrub interspaces of bare soil and annual plant blooms in moist years 
or appropriate seasons (Meyer 1986).  Previous research has shown that annual plants 
concentrate in “fertile islands,” recognized as microsites below canopies of perennial plants 
(Meyer 1986).  Two rare perennial gypsocline species, protected under a regional conservation 
management plan, inhabit some of the study sites: Arctomecon californica (Las Vegas bear-
poppy; Papervaceae) and Anulocaulis leiosolenus (sticky ringstem; Nyctaginaceae). 
 
 
 
Figure 2: Daily average temperature and monthly average precipitation from 1931 to 2018. 
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Table 1: Characteristics of study sites for seed bank sampling in the Mojave Desert, USA 
 
 
 
Seed Bank Sampling 
In 2007, ten permanent transects were established as part of a study to characterize soil 
seed banks and seed bank relationships to aboveground plant communities (Abella et al. 2013).  I 
conducted replicate sampling in January 2018 at each of the 10 sites, along each of the delineated 
50-m transects to quantify the persistent seed bank as described in Baskin and Baskin 1998.  
Collected seed bank samples were from three individuals in each of six microsite types: 
Ambrosia dumosa  (white bursage), Anulocaulis leiosolenus, Arctomecon californica, Ephedra 
torreyana (Torrey’s jointfir), and Psorothamnus fremontii (Indigo bush), and in interspaces (>1 
m from the nearest perennial plant canopy).  In 2007, these microsites were sampled because 
they were the most frequently occurring microsites in the gypsum habitat.  The largest perennial 
plants for each microsite type and interspaces within five meters of either side of each transect 
were selected for sampling.  Detailed transect mapping allowed for individual microsites from 
Abella et al. (2013) to be relocated.  Thus, efforts were made to sample the same microsite 
individuals at each site in 2018.  However, in the event the same individual could not be located, 
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we sampled the nearest alternative.  This approach stratifies sampling to represent perennial and 
interspace microsites that can influence desert seed bank composition (Reichman 1984).   
In access the potential influence of fertile island microsites, soil samples were collected 
from three points equally spaced around each perennial plant, halfway between the main stem 
and canopy edge.  In interspaces, samples were collected from three equally spaced points within 
an area of 1 m2.  Core samples were seven centimeters in diameter, at a depth of 0–5 cm (200 
cm3), including litter (typically < 0.5 cm thick, if present).  In Mojave Desert seed banks, the 0–5 
cm depth contains 97 % of seeds (Guo et al. 1998).  Collected samples were composited for each 
individual microsite and further combined by microsite type at each site, for a total sample 
volume of 1,800 cm3.  Thus, six composite samples (one for each microsite type) were analyzed 
at each of the 10 sites and served as the units for analysis in the seed bank assay (extraction and 
emergence) and statistical analyses.   
Seed Bank Characterization Assays 
The soil seed bank samples were assayed using two methods: emergence (placing the 
seed bank soil in pots in a greenhouse and identifying the emerging seedlings, after simulated 
precipitation, as a measure of seed bank composition) and extraction (physical separation of 
seeds from soil particles).   
Emergence Method:  Within one week of sample collection, a 360-cm3 subsample layer 
of seed bank soil 2 cm thick placed on top of an in-house potting soil mixture (Miracle-Gro, 
Cactus, Palm and Citrus Mix, Fast Draining Formula, Quikrite Play Sand, and Quikrite All-
Purpose Sand) in a 4-L, 15-cm diameter pot for each microsite type at each site.  I randomly 
arranged pots on a bench in an unheated greenhouse (located at the University of Nevada, Las 
Vegas; UNLV) with natural lighting.  Samples received approximately 1.5 cm of water every 
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day from an automatic emitter misting system.  For a period of 9 months, I monitored sample 
growth, checking on pots at least every two days.  Every two weeks identified seedlings were 
pulled, counted and photographed.   
Extraction Method:  From a 360-cm3 soil subsample per sample, I extracted seeds using 
progressively finer stainless-steel sieves of 2 mm, 500 μm, 250 μm, and 53 μm (Thompson et al. 
1997).  After sieving, the three largest sieved sub-samples underwent a water floatation 
technique (Gross 1990; Pake and Venable 1996; Bernhardt et al. 2008).  Soil samples were 
placed in a beaker, water was added, and the suspension was filtered through the same sieves.  
This technique aims to isolate suspended organic components from inorganic materials which 
sink to the bottom of the beaker.  After the poured suspension is dried for 4 hours at 30°C in a 
horizontal air flow oven (VWR® Signature™ High-Performance Horizontal Air Flow Ovens, 
Visalia, California, USA), seeds were visually separated from other material with the aid of a 
dissection microscope (Pake and Venable 1996).  Extracted seeds were identified, over several 
months, to the lowest taxonomic level attainable using guides and comparisons to local available 
seed banks (USGS Las Vegas Office, Lake Mead NRA Native Plant Nursery, Boulder City, NV, 
USA).  Viability of extracted seeds was assessed through physical means (dissection) similar to 
those employed in previous seed bank studies in the desert systems (Pake and Venable 1996).  
Because of the uncertainty in the viability and germinability of extracted seeds, seed density and 
species richness are reported based on the total number of extracted seeds, without consideration 
to viability.  As a test of technician accuracy, selected samples were also “spiked” with a known 
number of seeds from a species not occurring in the study area.   
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Vegetation Sampling 
To assess how closely seed bank composition correlates with aboveground vegetation 
present during the growing season, as well as evaluate change over time, I remeasured the full 
plant community along the 10 designated transects, and below each replicated microsite at each 
of the 10 sites as done in 2007.  In April 2018 vascular plant species were measured at each 
microsite where seed bank samples were collected.  Cover sampling was conducted using a 1 m 
× 1 m quadrat centered on the perennial plant or interspace for each microsite.  Areal cover of 
each plant species (including the focal perennial plant microsite) was visually categorized using 
Peet et al. (1998) cover classes.  
Data Analysis 
To examine the variation in seedbank and aboveground vegetation in two study years 
(2007, 2018), data were analyzed using PROC MIXED in SAS (SAS Institute, version 9.4, 
2013), where the main effects, year and microsite, and their interactions were set as fixed effects. 
Microsite was nested within site. The best fit model for covariance was determined by Akaiki 
information criterion.  The main effects influencing seedbank and aboveground vegetation were 
evaluated for total seed and total vegetation cover, however, selected groupings of plant guilds 
based on life history traits and growth form (life history groups) were also analyzed to access 
potential differences among groups.  Selected life history groups follow NRCS (2019) 
designations including annuals, exotics, forbs, graminoids, natives, perennials, and shrubs.  
Relationships between seed bank measures in the two years and with aboveground vegetation 
was assessed using regressions in SAS along and a Mantel test (Mantel 1967) using PC-ORD 
(PC-ORD MjM Software, version 7.07, 2016).  The Mantel tests evaluated similarity of 
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multivariate species composition based on presence-absence Sørensen similarity matrices and 
Sørensen distances.  Species composition (presence-absence) among methods across years was 
graphically displayed with non-metric multidimensional scaling (NMS) ordination using PC-
ORD’s default settings and Sørensen distance.  Finally, a PC-ORD blocked indicator species 
analysis (Dufrene and Legendre 1997), blocked by a year-site variable, was utilized to test if a 
particular species distinguished the three methods, emergence, extraction and aboveground 
vegetation.  For all analysis, cover of the focal perennial plant forming the sample microsite was 
included in total cover estimates.   
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Results 
Seed Density and Percent Cover Influences  
In terms of total seed density across years, extraction method detected orders of 
magnitude greater seed than the emergence, with microsite affecting emergence and both year 
and microsite affecting extraction (Figure 3).  Ambrosia dumosa significantly differed from other 
microsites in terms of total seed for both extraction and emergence, and in every life history 
group in which microsite was a main effect for extraction (Figure 3).   
Overall, when comparing main effects influencing long-term change for selected life 
history groups (groupings of plant guilds based on life history traits) between 2007 and 2018, 
year more frequently affected differences across both seed bank methods, emergence and 
extraction (Figure 3, Table 2; Appendix 1).  However, main effects differed between seed bank 
methods.  Microsite more frequently affected seed density differences for life history groups for 
emergence, whereas year more frequently affected differences for extraction.  Perennial seed 
density differences were influenced by both year and microsite for emergence but just microsite 
for extraction.  For native seed density, microsite influenced emergence with both year and 
microsite affecting extraction. Most other life history groups did not have a significant main 
effect (Table 2). For emergence, when microsite was a main effect for life history groups, 
Ambrosia dumosa and Psorothamnus fremontii significantly differed from other microsites 
(Figure 3; Appendix 1). 
Aboveground vegetation cover results of differences for life history groups between 2007 
and 2018 were affected by both microsite and the interaction of year and microsite (Table 2; 
Appendix 2).  For total vegetation cover, as well as perennial, exotic, and native cover, all were 
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influenced by the interaction of year and microsite.  The three large shrubs (Ambrosia dumosa, 
Ephedra torreyana, and Psorothamnus fremontii) microsites significantly differed from the other 
three microsites, including shrub interspaces in terms of total cover, native cover and perennial 
cover in both years (Figure 4).  However, exotic vegetation cover at these same shrubs was 
significantly different from other microsites only in 2018.   
Between 2007 and 2018, mean percent increase of total native, exotic and native annual 
plant cover was highest at Ambrosia dumosa and Ephedra torreyana microsites, while 
Psorothamnus fremontii microsites experienced the greatest decrease in native and native annual 
cover (Figure 5).  Change in total native, exotic, and native annual plant cover at rare plant 
microsites and at interspaces between shrubs was ± < 1% (Figures 5).  Overall total change in 
native, exotic, and native annual plant cover was ± < 1%.  Greatest increase in perennial plant 
cover occurred at Ambrosia dumosa, Ephedra torreyana, and Psorothamnus fremontii microsites 
(Figure 6).  Perennial cover change was < 1% at interspaces and at Arctomecon californica.  
Anulocaulis leiosolenus, however, experienced a decline in cover at the microsite. 
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Figure 3:  Mean seed density (± SEM) by seed bank characterization method for main effects (A. 
Emergence: microsite; B. Extraction: year; C. Extraction: microsite) of total seed detection in an 
11-year period (2007 – 2018) in the Mojave Desert, USA.  Means without shared letters differ at p < 
0.05.  Microsites include Ambrosia dumosa (AD), Anulocaulis leiosolenus (AL), Arctomecon 
californica (AC), Ephedra torreyana (ET), Psorothamnus femontii (PF) and interspace (INT) 
openings between perennial plants.  
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Table 2: ANOVA summary table, showing significant main effects (p < 0.05) for life history 
categories of seedbank and aboveground vegetation in an 11-year period (2007 – 2018) in the 
Mojave Desert, USA.   
Seed/ Vegetation  
Life History Categories 
Emergence Extraction Vegetation  
Annuals – year – 
Exotics – year interaction year/microsite 
Exotic annuals – year interaction year/microsite 
–Exotic graminoids – year microsite 
Forbs – – microsite 
Graminoids – year microsite 
Natives microsite both main effects interaction year/microsite 
Native annuals – year – 
Native forbs – – microsite 
Native graminoids microsite year microsite 
Perennials  both main effects microsite interaction year/microsite 
Perennial native forbs year – microsite 
Shrubs – microsite interaction year/microsite 
Total seed density  
or total veg cover 
microsite both main effects interaction year/microsite 
– Not significant p > 0.05 
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Figure 4: Mean vegetation cover (± SEM) by for main effects of total vegetation cover detected in 
an 11-year period (2007 – 2018) in the Mojave Desert, USA.  Means without shared letters differ 
at p < 0.05.  Microsites include Ambrosia dumosa (AD), Anulocaulis leiosolenus (AL), Arctomecon 
californica (AC), Ephedra torreyana (ET), Psorothamnus femontii (PF) and interspace (INT) 
openings between perennial plants.   
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Figure 5: Mean percent vegetation cover change, total and by microsite, for native annual, exotic, 
and total native cover in the Mojave Desert, USA.  Microsites include Ambrosia dumosa (AD), 
Anulocaulis leiosolenus (AL), Arctomecon californica (AC), Ephedra torreyana (ET), Psorothamnus 
femontii (PF) and interspace (INT) openings between perennial plants. 
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Figure 6: Mean percent vegetation cover change, total and by microsite for native perennial cover 
in the Mojave Desert, USA.  Microsites include Ambrosia dumosa (AD), Anulocaulis leiosolenus 
(AL), Arctomecon californica (AC), Ephedra torreyana (ET), Psorothamnus femontii (PF) and 
interspace (INT) openings between perennial plants. 
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Seed Bank & Vegetation Relationships 
When examining the relationships between seed bank and aboveground vegetation 
species composition (presence-absence) across years, extraction 2007 correlates with both 2018 
extraction and 2018 aboveground vegetation (Table 3).  Within year, 2018 extraction correlates 
with 2018 aboveground vegetation.  The emergence method did not significantly correlate across 
years in relation to seed bank method or aboveground vegetation.   
 
 
Table 3: Results of Mantel test, showing relationships of species composition (presence-absence) to 
aboveground vegetation by seed bank method and year, and between seed bank methods over an 
11-year period in the Mojave Desert, USA.   
 
 Aboveground Vegetation 
   2007 2018 
20
07
 
Emergence -0.02 (0.459) 0.22 (0.142) 
Extraction 0.14 (0.240) 0.32 (0.027) 
20
18
 Emergence -0.22 (0.121) 0.04 (0.443) 
Extraction 0.20 (0.103) 0.51 (0.001)  
 Seed Bank Methods 
   2018 Emergence 2018 Extraction 
20
07
 Emergence -0.02 (0.488) 0.22 (0.107) 
Extraction -0.21 (0.115) 0.40 (0.009) 
Values are r (p value) from Mantel tests italicized for test significant at p <0.05 
 
 
 
 
The ordination further reveals the separation in species composition between seed bank 
methods and aboveground vegetation within and across years.  Each method correlated with 
itself, with extraction and aboveground vegetation more similarly correlated between 2007 and 
2018, while emergence showed a greater range between years (Figure 7).  Typha was detected in 
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both emergence and extraction in 2007 and 2018 but was a dominant species in 2007 emergence, 
driving correlations in the ordination.  However, in 2018 emergence, Typha experienced a nine-
fold decrease in detection (Figure 8).  While Schismus had a nine-fold increase, the correlation 
was not strong enough for 2018 emergence for it to be a dominant species for that method.  
Dominant species displaying a strong correlation to aboveground vegetation among years 
included three large perennial microsites (Ambrosia dumosa, Psorothamnus fremontii, and 
Ephedra torreyana; Figure 7).  There was no reported dominant indicator plant species driving 
correlation for extraction across years in the ordination.  However, both Typha and Schismus, 
along with Phacelia pulchella are indicator species for extraction, distinguishing the method in 
terms of relative abundance across both years (seed density; Figure 7).  The three large perennial 
microsites (Ambrosia dumosa, Psorothamnus fremontii and Ephedra torreyana) along with the 
annual-perennial forb Eriogonum inflatum, are indicator species for aboveground vegetation 
across both years (relative cover; Table 4) 
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Figure 7: Non-metric multidimensional scaling ordination of species composition (presence-
absence) among seed bank characterization methods by year for 10 sites in the Mojave Desert 
USA.  Vectors display species that have an r2 ³ 0.2 with axes and are abbreviated: (AMBDUM) 
Ambrosia dumosa, (PSOFRE)Psorothamnus fremontii, (EPHTOR) Ephedra torreyana, 
(PLAOVA) Plantago ovata, (BRORUB) Bromus rubens, (PHAPUL) Phacelia pulchella, and 
(TYPHSPP) Typha spp.  
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Figure 8: Total emergence detection (count) for two species, Schismus spp and Typha spp., found in 
the Mojave Desert, USA.   
 
 
Table 4: Blocked indicator species analysis for seed bank methods and aboveground vegetation in 
terms of relative abundance measures (seed density/relative cover) 
 Species Indicator value (IV) p value 
Emergence  None indicated (IV< 50, p> 0.05) 
Extraction 
Phacelia pulchella 65.1 0.0002 
Schismus spp 59.4 0.0004 
Typha spp 51.8 0.0012 
Vegetation 
Psorothamnus fremontii 84.2 0.0002 
Ephedra torreyana 80.0 0.0002 
Eriogonum inflatum 70.0 0.0002 
 Ambrosia dumosa 54.8 0.0004 
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For long-term change in terms of species composition (seed density/percent cover) 
between 2007 and 2018 the correlation coefficients (r) were highest when comparing extraction 
and aboveground vegetation, at both the microsite and site scales but only for the microsite scale 
for species richness (Table 5)  Correlation coefficients were low for emergence and aboveground 
vegetation at both the microsite and site scales, for both seed density/percent cover and species 
richness on a long-term temporal scale.   
Within-year at the microsite scale, species richness correlation was high when comparing 
both emergence and extraction to aboveground vegetation in 2007 and in 2018, respectively 
(Table 5).  For within-year seed density/percent cover at the microsite scale, correlation was high 
within 2018 at the microsite scale for both emergence and extraction.  Patterns for higher or 
lower correlation are complex: with extraction correlating more strongly with aboveground 
vegetation, across years and within years, more frequently than emergence; vegetation 
correlating across years; and, the microsite scale presenting the strongest correlations. 
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Table 5: Relationships between seed bank methods and aboveground vegetation within year and 
over and 11-year period in the Mojave Desert, USA. 
 Seed bank to vegetation relationships 
 Microsite scale Site scale 
 Seeds/m2 and Percent cover 
  m b r m b r 
Emergence 07 : Vegetation 18 0.015 109.700 0.154 0.016 535.100 0.153 
Extraction 07 : Vegetation 18 0.002 100.900 0.603 0.002 486.100 0.648 
Vegetation 07 : Vegetation 18 0.463 76.990 0.757 0.357 402.500 0.759 
  Species richness  
Emergence 07 : Vegetation 18 0.591 5.955 0.231 0.054 13.410 0.018 
Extraction 07 : Vegetation 18 0.711 3.841 0.593 -0.340 16.930 0.241 
Vegetation 07 : Vegetation 18 0.383 4.372 0.535 0.280 10.550 0.296 
 Within year seed bank to vegetation relationships 
  Seeds/m2 and Percent cover 
Emergence 18 : Vegetation 18 -0.033 126.000 0.445 -0.021 595.100 0.284 
Extraction 18 : Vegetation 18 0.004 97.940 0.422 0.005 481.900 0.433 
Emergence 07 : Vegetation 07 -0.012 82.520 0.072 -0.021 459.800 0.097 
Extraction 07 : Vegetation 07 0.001 75.740 0.106 0.001 395.700 0.152 
  Species richness  
Emergence 18 : Vegetation 18 1.214 4.714 0.535 0.350 11.850 0.168 
Extraction 18 : Vegetation 18 0.711 3.841 0.593 -0.005 13.670 0.003 
Emergence 07 : Vegetation 07 0.740 2.000 0.574 0.390 9.000 0.374 
Extraction 07 : Vegetation 07 0.500 1.000 0.686 0.680 4.000 0.678 
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Seed Bank Species Detection  
Overall some species were detected by different methods in 2018 when compared to 
2007; however, there were 10 taxa identified in 2018 exclusively, while 19 were detected in 
2007 but not in 2018 (Table 6)  For 2018 there were five grouped categories of taxa: (i) detected 
in both seed bank methods and vegetation (11 taxa), (ii) detected only by extraction and also in 
vegetation (6 taxa), (iii) detected only by extraction (6 taxa), (iv) detected only by extraction and 
also in vegetation (6 taxa); (v) only in vegetation and not detected in the seed bank (13 taxa), and 
(vi) rare, detected only once (21 species).  In 2018, no taxa were detected by emergence 
exclusively.  Three exotic taxa identified in 2007 were also identified in 2018: Bromus rubens 
(emergence/vegetation), Malcolmia africana (extraction/vegetation), and Schismus spp. (all 
methods).  Seed bank detection of the two rare plant species in 2018 followed the trend of 2007: 
Arctomecon californica was detected only by extraction, while Anulocaulis leiosolenus was not 
detected in the seed bank.  
For the extraction method, selected samples were spiked with a seed not occurring in the 
region to test technician retrieval accuracy.  The percentage of spiked seeds recovered was 97% 
(112/115).  Of the 678 seeds that were visually/physically assessed for viability through 
dissection, 274 (37%) were deemed viable.  For native seeds specifically, 199 of 599 (33%) were 
viable, while 55 or 79 exotic seeds (majority Schismus spp; 70%).  Due to the weathered nature 
of extracted seeds, viability assessment by poking and dissection is difficult.  However, two 
native species: Nemacladus glanduliferous and Phacelia pulchella had high viability rates of 
89% and 85% respectively. 
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Table 6: Comparison of individual taxa detected by seed bank methods and in the aboveground 
vegetation at 10 sites in the Mojave Desert, USA.  Number values are the number out of 10 sites in 
which a taxon was detected, except in the rare category at the bottom of table which represent 
number of taxa (only detected at one site).  Dashes denote absences. Exotic taxa are in bold.  EM = 
Emergence, EX = Extraction, AG = aboveground vegetation. 
  
2007
Species Emergence Extraction Vegetation Method of Dectection
Ambrosia dumosa 2 10 9 EX/AG
Cryptantha holoptera 1 2 1 EX
Enceliopsis argophylla 4 6 6 EX/AG
Eriogonum inflatum 2 6 9 AG
Phacelia palmeri 4 2 1 EM/EX/AG
Phacelia pulchella 2 7 4 EM/EX
Plantago ovata 3 3 7 EM/EX/AG
Psorothamnus fremontii 1 6 10 AG
Schismus spp. 7 9 5 EM/EX/AG
Sphaeralcea ambigua 1 5 3 EX/AG
Vulpia octoflora 6 2 3 EM/EX/AG
Arctomecon californica -- 10 8 EX/AG
Atriplex confertifolia -- 4 4 EX/AG
Ephedra torreyana -- 7 10 EX/AG
Geraea canescens -- 1 1 --
Salazaria mexicana -- 1 1 AG
Malcolmia africana -- 4 1 EM
Atriplex canescens -- 6 -- EX
Atriplex elegans -- 2 -- EX
Baileya multiradiata -- 1 -- --
Cryptantha utahensis -- 3 -- EX/AG
Eriogonum spp. -- 3 -- AG
Lesquerella tenella -- 1 -- EX
Mentzelia pterosperma -- 2 -- EX
Nemacladus glanduliferus -- 4 -- EX
Phacelia spp. -- 1 -- EX/AG
Unknown annual spp -- 10 -- --
Bromus rubens 6 -- 6 EM/EX/AG
Chylismia claviformis 3 -- 2 EM
Camissonia multijuga 2 -- 1 AG
Typha spp. 2 8 -- EM/EX
Anulocaulis leiosolenus -- -- 2 AG
Chorizanthe rigida -- -- 2 AG
Cryptantha barbigera -- -- 4 --
Cryptantha recurvata -- -- 2 AG
Cuscuta denticulata -- -- 2 --
Eriogonum trichopes -- -- 2 AG
Gilia ochroleuca -- -- 2 --
Lepidium fremontii -- -- 3 EX/AG
Linanthus demissus -- -- 4 --
Mentzelia albicaulis -- -- 2 AG
Pectocarya platycarpa -- -- 2 --
Physaria tenella -- -- 2 --
Stephanomeria pauciflora -- -- 2 --
20
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 3 Species
2018 Detection (# of Sites)
Various Species -- -- -- 19 species
Various Species 4 species 3 species
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Discussion  
Soil seed banks are defined as a cache of seed within the soil column that remains 
dormant and viable until optimal environmental conditions induce germination (Fenner 1995).  
These seed reservoirs are known to promote stability and long-term persistence of plant 
communities, reducing the demographic effects of environmental stochasticity, lowering 
extinction rates, and acting as a genetic buffer (Thompson 1992, Fenner 1995, Venable 2007, 
Caballero et al. 2005).   Furthermore, the complex temporal and spatial dynamics of soil seed 
banks are major players in those of global plant communities as a whole (Grime 1981, Leck, 
1989, Grime 2001, Haight 2019).   
While the spatial and temporal understanding of aboveground communities are versed, 
our understanding of soil seed banks increases or decreases in relation to the spatial and temporal 
scale considered.  In arid environments, the survival of many plant species relies on soil seed 
banks to weather poor recruitment and reproductive years (Kemp 1989, Megill 2011, Abella et 
al. 2013).  Temporally and spatially, studies evaluating long-term soil seed bank dynamics and 
trends in desert systems are rare, particularly in rare plant communities of the southwest United 
States (Abella et al. 2013).  Research of soil seed banks in rare gypsum soil has primarily been 
conducted in the Iberian gypsum steppes of Spain (Olano et al. 2005, Caballero et al. 2005; 
2008).  This knowledge gap is of utmost importance due to the threat of climate change and 
increased disturbance in desert environments and rare plant habitat worldwide (Megill 2011, 
Chiquoine 2018).  Thus, the results of this study elucidate important temporal and spatial 
knowledge gaps in soil seed bank and desert plant communities in regard to long-term change, 
fertile island influence, and rare gypsum communities in the Eastern Mojave Desert over an 11-
year period. 
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Seed Bank Dynamics 
When considering main factors of long-term change in seed bank density and vegetation 
cover, results showed variability at both a temporal and spatial scale between 2007 and 2018.  
While microsite more frequently affected seed density differences for life history groups for 
emergence, year more frequently affected differences for extraction.  However, in terms of total 
seed density across years, the extraction method detected orders of magnitude greater seed than 
the emergence, with both year and microsite as influencing main effects.  These results are 
consistent with prior studies reporting up to 25-fold spatial differences in average seed densities 
between various microhabitats in any one sampling period (Nelson and Chew 1977, Reichman 
1989).  Additionally, at the intersection of spatial and temporal scales, results corroborate those 
found in gypsum communities in the Mediterranean.  Caballero et al. (2005) noted high seasonal 
turnover in seed bank density in gypsum soil communities in central Spain.  Results of this study 
indicate long-term change follows a similar trend of spatial and temporal variability.  Studies 
demonstrate that complex temporal and spatial mechanisms can result in this variability such as 
seed decay, seed predation, seed emergence (yearly fluctuating cohort), seed rain, and seed 
dispersal (Reichman 1984, Kemp 1989, Simpson et al. 1989, Caballero et al. 2005, 2008).   
While perennial seed bank density change across years was affected by microsite and 
year for emergence and microsite for extraction, annual change had no main effect for 
emergence and was affected by year in extraction.  Studies in gypsum communities have shown 
that seed bank density varied over time across wet and dry growing seasons for both plant guilds, 
annuals and perennials (Caballero et al. 2008a).  While annual variability in seed bank 
composition in arid and gypsum landscapes have been related to microsite or fertile islands and 
patch dynamics (Caballero et al. 2008a, 2008b, Abella et al. 2013), there may be yearly 
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compounding effects leading to directional change over time (Caballero et al. 2008a, 2008b) thus 
leading to the stronger year effect.   
Fertile islands and sub-canopy microhabitats not only influence soil seed bank 
composition, but also can provide unique microclimates and nutrient-rich soil for increased 
annual germination that are higher than interspaces between shrubs (Reichman 1984; Zhang et 
al. 2016).  In this study the larger drought deciduous perennial shrubs, Ambrosia dumosa and 
occasionally Psorothamnus fremontii, different significantly from other microsites, particularly 
interspaces.  Patch dynamics can explain the storage capacity of soil seed banks in terms of the 
spatial relation of fertile island to interspaces (Caballero et al. 2008b).  Seeds are not just found 
in lower density as one moves away from perennial structures, but a mosaic or matrix is formed 
in terms of seed bank composition.  For perennial guilds on a spatial scale, primary dispersal 
mechanisms tend to clump seeds around the nearest parent plant with most arid plants having 
short-range dispersal (Chambers and McMahon 1994).  Because seed size affects dispersal (Guo 
et al. 1998), the dynamics of seed morphology correspond with the finding that larger-seeded 
species, such as perennial forbs and shrubs, are affected by microsite over a long-term temporal 
scale.  Interestingly, Ephedra torreyana, while similar in size to Ambrosia dumosa and 
Psorothamnus fremontii, did not differ significantly from interspaces or the smaller perennial 
forb microsites.  Ephedra torreyana, lacking the same branching pattern, is a leafless shrub.  
Litter or debris is one association with fertile island sites that is thought to help trap seeds and 
enhance nutrients (Reichman 1984), perhaps explaining the discrepancy.   
Seed Bank & Vegetation Relationships 
Due to environmental stochasticity, high inter-annual variability exists in both seed bank 
density and ephemeral vegetation cover, acting as an important controlling factor for the 
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functioning of arid and semi-arid ecosystems (Kemp 1989).  However, evidence from studies in 
semiarid gypsum communities in Spain suggests that despite unpredictable environmental 
conditions driving yearly and seasonal variations in cover and composition, strong 
spatiotemporal patterns have emerged within these soil communities (Caballero et al. 2005, 
2008a, 2008b).  Gypsum systems in the Mediterranean are shown to have dense spatially 
structured seed banks (Caballero et al., 2003) that are strongly related to plant community 
composition and abundance and maintain a clear spatial structure year-round (Caballero et al. 
2005).  The results of this study in the Eastern Mojave augment the findings in Spain, showing a 
correlation between seed bank and aboveground vegetation in terms of varying scales of species 
composition (presence-absence, seed density and species richness). 
This study also aimed to elucidate the discrepancies in the prevailing methods of seed 
bank detection, showing that extraction results are a better predictor of aboveground vegetation, 
correlating with vegetation both between years (2007 and 2018) and within year (2018).  
Although no significant correlation of species presence-absence was identified between 
extraction and vegetation in 2007, emergence was not correlated with vegetation at any temporal 
scale and showed a greater range in the ordination.  Extraction tends to detect more species and 
at higher densities (Bernhardt 2008, Abella et al. 2013, Chiquoine and Abella 2018) and was 
often favored in seed bank studies in the southwestern United States although the emergence 
method has gained traction (Abella et al. 2013).  Some studies (Abella et al. 2013, Chiquoine and 
Abella 2018) have found that combining data from emergence and extraction produced the 
strongest correlation with aboveground vegetation cover.  Curiously, most studies conducted in 
gypsum soils in the Mediterranean, including those that have previously shown a connection 
between seed banks and vegetation communities in gypsum soils, use the emergence method 
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exclusively with a slightly different methodology (added mechanical scarification; Caballero et 
al. 2005, 2008a, 2008b).  Correlation results for species composition in terms of seed 
density/percent cover and species richness at two spatial scales, microsite and site, further 
expand on this story.  
Species composition (seed density and percent cover) for long-term change between 2007 
and 2018 and within-year change present correlation coefficients with complex patterns for 
higher or lower correlation.  Overall, extraction did correlate more strongly with aboveground 
vegetation, both across years and within years.  However, unlike species presence-absence, 
emergence was correlated to aboveground vegetation if only at a microsite scale.  Furthermore, 
microsite scale presented the highest number of strong correlations both across years and within 
years.  This compliments the patch dynamics and fertile island indicators of seed bank 
composition reported in gypsum communities (Caballero et al. 2008a, 2008b; Abella et al. 
2013).  Thus, while the overarching trend of gypsum aboveground vegetation relating to the seed 
bank holds, specific methods of seed bank detection may produce varying results in different 
gypsum systems depending on specific dormancy breaks and germination triggers of perennial 
and annual species (Baskin and Baskin 1998).  Furthermore, as studies have shown in other 
localities and arid systems, specific results in gypsum communities may also vary in terms of the 
spatial and temporal scale considered (Kemp 1989).  Nonetheless, future seed bank studies in 
gypsum soils might consider adjusting protocol to those overseas (Caballero et al. 2008a, 2008b) 
to determine if scarification would augment results.  
As alluded to previously, strong spatiotemporal relationships exist in gypsum 
communities (Caballero et al. 2005, 2008a, 2008b).  Despite the change in seed banks at a spatial 
and temporal level, vegetation had the highest reported correlation coefficient across years.  The 
46  
correlation was strong both the site and microsite spatial scale, but only in terms of seed 
density/percent cover not species richness.  Total vegetation cover across years, as well as 
perennial, exotic, and native cover change, were all influenced by the interaction of year and 
microsite.  Accordingly, between 2007 and 2018, mean percent change of total perennial cover 
was highest for the three largest microsites (Ambrosia dumosa, Ephedra torreyana, and 
Psorothamnus fremontii).  In gypsum communities, Caballero et al. (2008a) found that temporal 
persistence in perennials relies primarily on persistence of established plants, with a minor role 
of the seed bank, whereas annual guild persistence depends solely on the seed bank.  Between 
2007 and 2018, mean percent increase of total native, exotic and native annual plant cover was 
highest at two of the three largest microsite species, Ambrosia dumosa, Ephedra torreyana 
microsites, while Psorothamnus fremontii microsites experienced the greatest decrease in native 
and native annual cover.  While this result is curious, overall changes (×) in vegetation percent 
cover for natives, exotics and native annuals independently were not large (-1% > × < 2%).  
Perennial cover change was < 1% at interspaces and at Arctomecon californica microsites.  
Anulocaulis leiosolenus microsites, however, experienced a decline in cover. 
Seed Bank Species Detection  
Results of species detection reveal some discontinuities when comparing seed bank assay 
methods in 2018 and 2007, with 10 taxa identified in 2018 exclusively, and 19 were detected in 
2007 exclusively.  Three exotic taxa identified in 2007 were also identified in 2018: Bromus 
rubens (emergence/vegetation), Malcolmia africana (extraction/vegetation), and Schismus spp. 
(all methods).  Additionally, results showed that exotic cover was significantly higher under the 
largest perennial microsites in 2018 as compared to 2017.  This result has implications for 
invasion ecology and land management given the infiltration of desert systems by invasive 
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grasses (Jurand and Abella 2013). For example, research has shown that Bromus rubens can 
dominate soil seed banks (Jurand and Abella 2013).  Schismus had a nine-fold increase in 
detection for the emergence method alone; however, the correlation was not strong enough for 
2018 emergence for it to be a dominant species for that method. 
Typha was detected in both emergence and extraction in 2007 and 2018, and was a 
dominant species in 2007 emergence, driving correlation in the ordination.  However, in 2018 
emergence, Typha experienced a nine-fold decrease in detection.  As a wetland indicator species, 
Abella et al. (2013) pondered its place in the gypsum seed bank from 2007.  Water levels of Lake 
Mead have dropped considerably in the 11-year span between these studies.  While wind is an 
important secondary dispersal mechanism (Simpson 1989), Typha seeds may not carry great 
distances, or perhaps they do not remain viable/present in the seed column for long durations, 
particularly in gypsum habitats.  Additionally, a few desert riparian areas/springs are located in 
proximity to some of the sites, while roadside culverts/ditches can harbor typha and riparian 
species. 
While there was no reported dominant plant species driving correlation for extraction 
across years in the ordination, both Typha and Schismus, along with Phacelia pulchella are 
indicator species for extraction, in terms of relative abundance across both years (seed density).  
Dominant species displaying a strong correlation to aboveground vegetation among years 
included three large perennial microsites (Ambrosia dumosa, Psorothamnus fremontii, and 
Ephedra torreyana).  Along with the annual-perennial forb Eriogonum inflatum, all three were 
also indicator species for aboveground vegetation across both years.  This result further parallels 
the findings of Caballero et al. (2008a) regarding the persistence in perennials relying primarily 
on persistence of established plants.  Seed bank detection of the two rare plant species in 2018 
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followed the trend of 2007: Arctomecon californica was detected only by extraction, while 
Anulocaulis leiosolenus was not detected in the seed bank.  Drivers of Arctomecon californica 
germination are still being elucidated, while seed bank dynamics of Anulocaulis leiosolenus 
remain an unsolved mystery. 
Viability is also a matter to consider with the extraction method.  While 37% of total 
tested seeds were deemed viable in 2018 verses 11% in 2007 (Abella et al. 2013), the weathered 
nature of extracted seeds, translates into a difficult viability assessment by poking and dissection.  
Without seedling germination in an emergence trial (which could also not provide every trigger 
for germination), true viability is difficult to attain.  Exotic seeds were found to be easier to 
assess for viability and 70% of them were viable (majority Schismus spp.) as opposed to 33% 
native seed.  The small scale spatial and temporal variability of two native species (Nemacladus 
glanduliferous and Phacelia pulchella) having high viability rates provides hope for the 
endurance of native species in gypsum habitat. 
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Conclusion 
The characterization of soil seed banks in deserts and other biomes globally is an 
important topic due to the encroachment of climate change and ecological disturbances (such as 
exotic plant invaders, disease and land use change).  For land managers, reliable estimates of soil 
seed banks, and more specifically, change in soil seed banks over time, provide insight into the 
restoration and regeneration potential of the landscape, site history and disturbance mapping, and 
invasive and rare plant management (Lavorel and Garnier 2002).  This study helps illuminate 
and clarify the complex spatial and temporal drivers of plant communities in the unique yet stark 
gypsum habitat which make up a larger community worldwide.  My hope is that results will 
provide resource managers and stakeholders new tools to address the challenges faced in these 
systems. 
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Chapter 3: Assessing Seed Germination Ecology for the Rare Plant Species, Las 
Vegas Bearpoppy, Arctomecon californica 
Introduction 
Arctomecon californica Torr. & Frém. (California bearpoppy, Las Vegas Bearpoppy) is a 
rare, short-lived, herbaceous perennial member of the Papaveraceae (Poppy Family) endemic to 
the Mojave Desert of southern Nevada and northwestern Arizona.  Arctomecon californica is 
primarily found on gypsum (calcium sulfate dihydrate; CaSO4·2H2O) outcrops, but has 
additionally been observed on claybeds, high-boron shales, desert pavement and “gravelly 
slopes” (Meyer 1986; Mistretta et al. 1996).  Across its range, A. californica populations are 
imperiled due to urban development, compaction, mining, off-road vehicle usage, grazing and 
trampling by feral burros and horses (Hickerson and Wolf 1998; Mistretta et al 1996; Megill et 
al. 2011).  To complicate matters, past urban development proceeded on suitable habitat lacking 
visible plants.  Arctomecon californica depends on a persistent seed bank in order to withstand 
poor reproductive and recruitment years, and populations have been shown to fluctuate 
dramatically (Mistretta et al. 1996; Megill 2011).  Because of the continued risk of habitat 
destruction and fragmentation (Hickerson and Wolf 1998; Megill et al. 2011), A. californica is 
currently listed as critically endangered by the State of Nevada and provided federal protection 
under the Clark County Multiple Species Habitat Conservation Plan (2011).   
As a namesake showy species, A. californica conservation and population management is 
of particular concern for agencies and stakeholders in southern Nevada and has been for several 
decades (Mistretta 1996; Winkel 2004; Megill 2011).  Proper resource management, however, 
hinges on understanding the myriad abiotic and biotic environmental factors driving native plant 
community composition and structure (Lavoral and Garnier 2002).  For restoration management 
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and planning, understanding reproduction and establishment strategies, such as germination 
ecology for specific species, is imperative.  Unfortunately, restoration techniques, (such as plant 
salvage and transplanting), have not been properly established or extensively studied for A. 
californica (Winkel 2004; Megill et al. 2011).  Furthermore, laboratory propagation and 
germination techniques remain poorly understood for this species, with historically low rates of 
success.  Current evidence suggests cold stratification is a required germination cue due to the 
return of live plants after cold winter rains in the field (Meyer 1987). 
The ability to propagate plants in a greenhouse or nursery setting is a major component of 
restoration efforts.  Hence, the existing knowledge gap regarding A. californica germination is 
problematic.  This study aims to elucidate the mechanisms behind the ecology of A. californica 
seed dormancy and germination to aid management and conservation efforts.  I set out to clarify 
the cues that determine dormancy release and subsequent germination by conducting laboratory 
germination trials framed around three main questions.  First, what is the influence of 
temperature on A. californica germination in a laboratory setting?  Second, can field 
conditioning of seeds enable subsequent laboratory germination?  Third, given the chemical 
composition of gypsum (CaSO4·2H2O) as one of the major minerals in soil of A. californica 
habitat, can sulfuric acid behave as a dormancy break, impacting laboratory germination?  The 
latter has shown to be effective in many species (Baskin and Baskin 1998) but has not been 
documented for A. californica.  
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Methods 
Site Locations and Seed Collection  
To conduct the germination trials, I collected Arctomecon californica seed from three 
randomly selected sites (Callville, Road 100, and Echo Wash) located in the eastern Mojave 
Desert in Lake Mead National Recreation Area (LMNRA) in southern Nevada, southwestern 
USA (Figure 9).  These three sites, spanning an extent of 19 km, were selected out of several A 
californica population locations maintained and monitored as rare plant habitat by the National 
Park Service (Abella et al. 2013).  The Boulder City (elevation 762 m), and Alan Bible Visitor 
Center (elevation 500 m) weather stations in Southern Nevada recorded the following averages: 
daily high July temperature of 39 °C, daily low January temperature of 4 °C, and 13 cm year -1 of 
precipitation (1931–2018 records; National Centers for Environmental Information, USA; Figure 
3).  Approximately 73% of annual precipitation is recorded in September through April, , with 
peak reproduction occurring from March through May, depending on the timing and the amount 
of rainfall (Beatley 1974).  Summer monsoonal rains occur from July to September (Walker and 
Landau 2018).  All sites are located on or associated with gypsum parent material and classified 
as Petrogypsids, Haplocalcids, Haplogypsids or Calcicargids (Lato 2006, Abella et al. 2013).   
I collected A. californica seed in June 2018 from each of the three sites.  Arctomecon 
californica fruit from approximately May to June, forming egg-shaped capsules up to 3 cm long 
that are upright and 6-ribbed (Mistretta 1996).  As the fruit (seedpod) dries and matures, it 
dehisces at the top by flaps revealing shiny brown-black seeds, usually at least 100 (but up to 
160) per fruit (Nelson and Welsh 1993; Mistretta 1996).  Ten plants per site were randomly 
selected for seedpod sampling.  One to two dehisced seedpods per plant were removed that still 
had seed within (depending on fullness of available seedpods).  The collected seed was 
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composited per sampling location and further composited across all three sites, yielding 
approximately 4,000 seeds collected. 
 
 
 
Temperature Treatments 
Seed collected from the field was brought back the University of Nevada, Las Vegas 
(UNLV) for cleaning and weighing.  The seeds were mixed and randomly divided into subsets of 
Echo Wash 
Road 100 
Callville 
Figure 9: Map of Lake Mead National Recreation Area with Arctomecon californica seed 
collection sites indicated.    
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50 seeds by weight.  The average weight of 0.068 g/50 seeds was obtained by averaging the 
weight of 10 samples, each individually counted at exactly 50 seeds each.   
The start of the germination trials immediately followed seed collection with the 
initiation of three treatments each consisting of 1,000 seeds, divided into 20 replicates of 50 
seeds each (Table 7).  Due to low germination rates obtained during prior attempts (Meyer 
1996), we sought to establish a larger number of replicates than expected for studies of this 
nature.  For each replicate, seeds were placed in 10-cm diameter petri dishes on filter paper 
(Whatman Grade 1 CAT No. 1001-085) moistened with polished water and were then sealed 
with parafilm. 
 
 
Table 7: Arctomecon californica germination treatments.  Each treatment consists of 20 replicates 
containing 50 seeds each.  
 Sulfuric Acid Soak (1%) No Acid Total Seeds 
Room Temperature 500 seeds 500 seeds 1000 
Cold Stratification 500 seeds 500 seeds 1000 
Field Conditioning 500 seeds 500 seeds 1000 
 
 
Labeled as room temperature (Figure 10), cold stratification (Figure 11)  and field 
conditioning (Figure 12), these treatments are designed to evaluate the effect of temperature and 
field conditioning along the entire germination process, from storage to incubation.  Of the 20 
replicates per treatment, 10 replicates (500 seeds) were given an additional sulfuric acid (1%) 
wash treatment after the 3.5-month dry storage period before moist (filter paper moistened with 
polished water) incubation (Table 7).  Details of the acid wash treatment are elaborated in the 
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next section.  The dry storage time of 3.5 months was selected to coincide with the end of 
summer monsoon rains and the onset of moderate-cool temperatures and precipitation in the field 
conditioning treatment.  To inhibit fungal growth in petri dishes, all 20 replicates per treatment 
were given a bleach rinse (15 seconds, one-minute water rinse; Clorox Bleach Regular with 
sodium hypochlorite 3%) prior to moist incubation.  
 
 
 
Figure 10: Arctomecon californica germination trial room temperature treatment workflow.  
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Figure 11: Arctomecon californica germination trial cold stratification treatment workflow 
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Figure 12: Arctomecon californica germination trial field conditioning treatment workflow 
 
 
For the room temperature treatment (Figure 10), seeds were kept in dry storage at 
ambient laboratory temperature (21 C) for 3.5 months followed by moist incubation. Petri 
dishes were placed in a Percival model GL-36VL Intellus Environmental Controller (Percival 
Scientific, Perry, Iowa, USA). The germination chamber had a light irradiance of 100 
μmol·m−2·s−1 and was set to a diurnal setting with dark/light temperatures of 13°C/23°C, a 
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moderate-cool setting.  Seedzone temperatures measured in 1996 within the study region are 
higher than air temperatures during the hottest part of the day and lower at the coldest part of the 
day because of insolation effects (Meyer 1996).  Thus, the selected moderate-cool temperature 
setting (13°C/23°C) was determined by averaging a spectrum of daily temperatures from 
September to December (warmer to cooler) following summer temperatures and monsoon 
precipitation and after the onset of fall/early winter temperatures and precipitation (1931–2018 
records; National Centers for Environmental Information, USA; Figure 13). 
 
 
 
Figure 13: Daily average temperature and monthly total precipitation for the duration of the field 
conditioning regime, July 2018 – January 2019.  
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The cold stratification 
treatment (Figure 11) represents an 
attempt at controlled modified field 
conditioning.  For this procedure, dry 
seed was placed in cold storage in an 
environmental control room (4154C, 
TriMark R.W. Smith, San Diego, 
California, USA) with a temperature 
set to 4°C ±1°C with limited exposure 
to light for 3.5 months.  In laboratory 
trials, evidence suggests that seeds 
require a temperature stratification 
imbibition at moderate then chilling 
temperatures (Meyer 1996).  
Therefore, the cold dry storage was 
immediately followed by a moist moderate-cool incubation in the germination chamber at a light 
irradiance of 100 μmol·m−2·s−1 and a diurnal setting with dark/light temperatures of 13°C/23°C 
for one month.  Subsequently seeds were placed in moist chilling at 4°C ±1	in the environmental 
control room for one month before finally being returned to the moderate-cool incubation in the 
germination chamber.  
 Field conditioning (Figures 12 and 14) was selected as a potential “head starting” for 
seeds buried as part of the seed bank in their natural environment prior to artificial moist 
incubation at moderate-cool temperatures.  The Road 100 seed collection site was selected for 
Figure 14: Field conditioning in-situ burial site 
and technique for Arctomecon californica seed. 
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this purpose (Figure 9).  Megill et al. (2011) demonstrated that A. californica seed can be found 
in the soil seed bank in the top 4 cm of soil and about one meter from the nearest adult plants 
(2007).  Thus, all 20 replicates of 50 seeds were placed in a nylon pouch (to allow unrestricted 
water flow) and buried with 2-4 cm of soil under the cover of the same perennial plant 
(Psorothemnus freemontii, fertile island microsite; Guo et al. 1998) near visible adult A 
californica plants, at a depth of approximately 2cm.  A wire mesh was staked into the ground 
above the burial location to prevent granivory (Megill 2011; Figure 14).  Seeds were retrieved 
from the field in late January following cold winter rains and assessed for germination.  Ten 
replicates were given the sulfuric acid wash treatment before placement in moist incubation at 
moderate-cool temperatures.   
Acid Treatment 
Acid scarification has been demonstrated to break seed dormancy (Baskin and Baskin 
1998) but has never been documented for A. californica.  Arctomecon californica mainly occurs 
in habitat with gypsum soils.  Gypsum soils are characterized by gypsum contents over 15% and 
the presence of a gypsic horizon in which gypsum is accumulated (FAO 1998, Herrero and Porta 
2000).  The dissolution of gypsum over time can lead to more sulfates present in soil (Ruiz et al. 
2003).  Consequently, I sought to determine if sulfuric acid could affect or stimulate or increase 
seed germination from a physical or physiological standpoint? 
As detailed in the previous section, three treatment regimens, room temperature, cold 
stratification, and field conditioning, were selected for this study.  Each treatment had 20 
replicates (50 seeds/replicate) per treatment (1,000 seeds).  Of those 20 replicates, 10 (500 seeds) 
were randomly selected and given a sulfuric acid wash treatment after the 3.5 months of dry 
storage period before moist incubation (Figures 10, 11 and 12).   
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For the acid wash, seeds were soaked in in diluted 1% sulfuric acid for 10 seconds 
followed by a one-minute polished water rinse to remove the acid (Baskin and Baskin 1998).  
Prior to sulfuric acid treatment initiation, trials were run on leftover seed to determine 
appropriate acid concentration and soaking time (Baskin and Baskin 1998).  Concentrations of 
1% and 5% sulfuric acid and soaking times of 15-20 seconds, one minute, three minutes, and 
four minutes were utilized for the test soak.  Seeds were then dissected and visibly assessed for 
damage or changes.  Seeds soaked in 5% sulfuric acid showed discoloration and visible 
distortion/burning of the testa (seed coat); similarly, soak durations one minute and over resulted 
in visible discoloration and potential damage to the embryo. 
Viability Testing  
After the initiation of the three treatments, viability tests were conducted on a subset of 
leftover seed to evaluate germination potential of the 2018 cohort.  Viability was tested using 2, 
3, 5-triphenyl tetrazolium chloride solution following an overnight preconditioning soak in 
polished water (Association of Official Seed Analysts AOSA,2000).  Three trials of 100 seeds 
(two 50-seed sets) were conducted one month apart, with the first initiated one month following 
seed collection.  Preconditioning, preparation and staining methods for the Papaveraceae Family 
in the Tertazolium Testing Handbook (AOSA 2000) were followed for these trials.   
Seed were stored at ambient room temperature (21 C) in the lab before testing viability.  
Seed sets were weighed before and after the overnight water soak to determine proper 
preconditioning imbibition.  Imbibition activates seed enzymes, makes tissues less fragile, and 
softens the testa, improving tetrazolium uptake and staining (AOSA 2000).  Seeds must also be 
prepared so that the tetrazolium solution can interact with the embryo and internal tissues.  For 
each trial, 50 seeds were pierced with a needle through the endosperm and 50 were cut 
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longitudinally, leaving the seed intact at the distal end (Figure 15).  Subsequently, the seeds were 
placed in a beaker of tetrazolium solution (1%), covered with parafilm and placed for four to five 
hours in a horizontal air flow oven at 30–35°C (VWR® Signature™ High-Performance 
Horizontal Air Flow Ovens, Visalia, California, USA).  Heat allows staining time to be cut in 
half (five hours with heat instead of 10 at room temperature; AOSA 2000). 
 
 
 
 
Figure 15: Arctomecon californica seed structure indicating viability 
tetrazolium test, preconditioning methods, and examples of viable 
embryos. 
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Viability was assessed by dissecting seeds to view the embryo and endosperm.  
Tetrazolium solution reacts with hydrogen ions released by enzymes involved in the respiration 
process occurring in living tissue.  This reaction reduces tetrazolium to form formazan, an 
insoluble red compound that stains a portion of the living tissue (depends on species).  For the 
family Papervaceae a viable embryo is evenly stained with none to some endosperm staining 
(AOSA, 2000; Figure 15). 
Data Analysis 
For the seed viability assessment, the Tertazolium Testing Handbook (AOSA, 2000) does 
not specify the Arctomecon genus in its Papaveraceae Family protocol.  Therefore, in order to 
evaluate preconditioning technique for Arctomecon specifically, a t-test was performed using 
GraphPad Prism (ver 8.0.2 for masOS, GraphPad Software, San Diego, California USA, 2019).   
To test for the influence of temperature and sulfuric acid on variance in Arctomecon 
californica germination, a non-parametric equivalent of the two-way analysis of variance 
(ANOVA), the Scheirer-Ray-Hare extension of the Kruskal-Wallis test, was used to analyze the 
room temperature and cold stratification treatments in SAS (SAS Institute, version 9.4, 2013).  A 
t-test was used to examine within cold stratification treatment specifically to examine differences 
between acid and no acid treatment.  To assess the effect of the acid treatment on field 
conditioning a t-test was performed comparing acid to no acid using GraphPad Prism.    
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Results 
Viability Testing 
Of the two preconditioning techniques, the preconditioning cut technique resulted in a 
higher mean (mean ± SEM) percentage of viable seeds for the 2018 cohort than the puncture 
technique (62% ± 7% and 55% ± 4% respectively; Figure 16).  However, t-test results reported 
no significant difference between the two techniques (t = 0.461; p = 0.725).  Viable A. 
californica seeds, when dissected, displayed an evenly stained red linear embryo, with some to 
no endosperm staining in accordance with other tested genera in the Papaveraceae family 
(AOSA, 2000; Argemone, Eschscholzia, Hunnemannia, Papaver) 
 
 
  
Puncture Cut
0
20
40
60
80
Preparation Technique 
M
ea
n 
Pe
rc
en
t V
ia
bi
lit
y 
(%
)
Tetrazolium (TZ) Test Results
Figure 16: Mean pe cent viability (+1 SEM) for 
Arctomecon californica for two tetrazolium preparation 
techniques.  Techniques were not significantly different (p 
= 0.725) 
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Germination Treatment Results  
For the temperature treatments, percent germination was highest in the cold stratification 
with acid treatment followed by cold stratification without acid treatment (Figure 17).  No 
germination was recorded in the room temperature treatments, neither with nor without acid.  
After retrieving the buried seed for the field conditioning treatment, no germinated seeds were 
encountered before moist incubation and acid treatment.  After field conditioning, percent 
germination was higher with acid treatment than without for the field conditioning treatment 
(Figure 17). 
 
 
 
Figure 17: Arctomecon californica germination treatment results with and without sulfuric acid 
treatment, indicating percent germination and total number of germinating seeds out of 500 seeds.  
A: temperature treatments, cold stratification and room temperature. B: Field conditioning.  (*) 
indicates a significant treatment effect of cold stratification p < 0.001.  
  
A B 
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When examined by temperature treatment and acid treatment, cold stratification had a 
significant effect on germination (Scheirer-Ray-Hare test, df = 1, SS = 3610, H = 31.196, p < 
.001; Figure 17).  Both acid treatment and the interaction of acid and temperature treatments 
were not significant.  After examining differences between acid and no acid treatments within 
cold treatment specifically, acid treatment did result in significantly greater germination within 
the cold treatment (df = 18, t = 3.16, p = 0.006).  Cold stratification resulted in higher 
germination both with and without acid, while acid did not significantly increase germination in 
other treatments.  In comparing acid and no acid treatments within the field conditioning 
treatment, concluding that acid did not have an effect on germination (df = 9, t = 1, p = 0.1717).  
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Discussion 
Arctomecon californica populations are imperiled due to development, compaction, 
mining, off-road vehicle usage, grazing and trampling by wild burros and horses (Hickerson and 
Wolf 1998; Mistretta et al 1996; Megill et al. 2011).  A similar predicament faces native plant 
populations around the world, with an estimated 60,000 to 100,000 plant species, a quarter of all 
known plants, threatened with extinction (The Millennium Ecosystem Assessment 2000).  Native 
seed collection and seed storage play a large role in conservation and restoration management of 
native plant species (National Seed Strategy for Rehabilitation and Restoration 2015).  However, 
establishing successful mitigation programs is difficult without understanding the seed ecology 
of a species or target plant community at large.  In the case of A. californica, restoration 
techniques and laboratory cultivation techniques have not properly been established or 
extensively studied (Mistretta 1996, Winkel 2004, Megill 2011).  
This is the first completed germination study, with findings relayed outside of 
interagency reports, elucidating the ecology of A. californica seed dormancy and germination.  
Seed dormancy allows populations to weather poor reproductive years when conditions are 
unfavorable for germination (Baskin and Baskin 1998).  However, the reason seeds fail to 
germinate may not just relate to environmental conditions, but also some characteristic of the 
seed itself.  Thus, a challenge persists in defining the environmental conditions that bring about 
change in seeds which break dormancy (Baskin and Baskin 1998).  This study demonstrates 
three findings: the positive influence of cold stratification, the potential enhancing role of 
sulfuric acid on cold stratification, and the relative ineffectiveness of a one-season field 
conditioning treatment on A. californica germination in a laboratory setting.   Additionally, 
results of the A. californica viability trials indicate that the Arctomecon genus does follow the 
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presented protocol in the Tertazolium Testing Handbook (AOSA, 2000) for other tested genera 
in the Papaveraceae family (AOSA, 2000; Argemone, Eschscholzia, Hunnemannia, Papaver). 
The influence of temperature on A californica germination has long been proposed given 
field observations of germination occurring during the winter months after cold winter rain 
(Meyer 1987, Mistretta 1996).  I found that cold stratification using cold storage and moist 
incubation at moderate and chilling temperatures resulted in dormancy release and subsequent 
germination at higher rates.  Encountering no germination with room temperature storage and 
moist moderate incubation further solidifies the influence of cold stratification as a dormancy 
break.  This result confirms preliminary results of an unpublished report by Meyer (1996) 
suggesting that seeds require a temperature stratification of both moderate and cold imbibition.   
Arctomecon californica habitat mainly consists of gypsum soils, and although gypsum 
has a relatively low solubility (Escudero et al. 2015), the dissolution of gypsum over time can 
lead to more calcium ions (Ca2+) and sulfate ions (SO42-) in soils (Ruiz et al. 2003).  Sheldon-
Thompson and Smith (1997) found that total sulfur was substantially higher in A. californica 
habitat as opposed to neighboring sites.  Acid scarification is known to be a physical (mechanical 
impermeability; Baskin and Baskin 1998) seed dormancy break, effective in many species to 
initiate water imbibition (Baskin and Baskin 1998) but had never been tested for A. californica.  
While conducting viability tests, however, I found that A. californica seeds did not appear to 
have a physical barrier to initial water imbibition due to consistent weight increase between 
before and after soak weighing, although this should be tested further in multi-year cohorts.  
Curiously, results did not show an interaction between cold stratification and sulfuric acid being 
more effective for A. californica dormancy release and subsequent germination.  Nevertheless, 
cold stratification specific analysis did show a significant difference in germination between acid 
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and non-acid.  However, given that cold stratification had higher germination both with and 
without acid, while acid did not significantly enhance germination in the other treatments, it 
appears acid may not have a significant effect on germination in the absence of cold. 
Rather than acting as a physical dormancy break, sulfuric acid has the potential to 
enhance A. californica seed germination, with cold stratification as the principal germination 
break in form of morphophysiological dormancy.  Baskin and Baskin (1998) define 
morphophysiological dormancy as a combination of physiological and morphological dormancy, 
that is, a physiological inhibiting mechanism of germination combined with an underdeveloped 
embryo, respectively.  Arctomecon californica is a member of the Papervaceae family in which 
one to many species have seeds with a linear embryo, often referred to as underdeveloped 
(Fenner 2000, Harper and Van Buren 2004, Baskin and Baskin 1998).  Moist moderate and 
chilling imbibition along with an acid treatment may provide the proper requirements for post-
dispersal embryo growth and breaking physiological embryo dormancy in a laboratory setting 
after field collection.  Discerning the mechanism and timing specifics of this process is beyond 
the scope of this study but provides an intriguing platform for further research.  In nature, A. 
californica is also found on other substrates (Drohan and Merkler 2009, while preferring 
outcrop-like gypsum habitats (Swearingen 1981, Meyer 1987, Megill 2011).  However, soil 
components within those substrates may have a similar breaking effect on dormancy when 
combined with cold stratification.  In their review of gypsophily, Escudero et al. (2015) suggest 
that both chemical and physical limitations operate in conjunction to define the trait, with species 
successful in gypsum communities displaying a host of plant responses.  However, there was no 
mention of chemical influence on seed dormancy of gypsum plants as a possibility for 
gypsophily.   
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I also sought to evaluate the effectiveness of field conditioning of seeds prior to 
laboratory germination.  As a form of head-starting, seeds could be given a chance to undergo a 
full cycle of environmental conditioning in their native habitat.  However, despite field 
conditioning, percent germination was lowest overall and comparable to the room temperature 
treatment in significance.  The precipitation total for the duration of the field conditioning (July 
2018 – January 2019) was 193 mm with average chilling temperatures (November 2018 – 
January 2019 lows) 4°C ± °C.  While this chilling temperature matches that of the environmental 
control room used for the cold stratification treatment, the chilling duration in the field may have 
been too short.  Furthermore, multi-year conditioning may be necessary for proper head-starting.  
Meyer (1987) found that years with sufficient rainfall for substantial seedling recruitment may 
occur up to nine years apart, which explains drastic year-to-year fluctuations in A. californica 
populations.  Seeds exhibiting morphophysiological dormancy can remain dormant and viable in 
the soil for years and have the ability to form persistent seed banks (Baskin and Baskin 1998), 
both traits of A. californica seeds.   
The impact of temperature on A. californica germination could have implications for land 
managers and conservation efforts.  In previous viability tests of collected seed stored at room 
temperature, the percentage viability range was high, even higher than those found in this study, 
leading some researchers to believe that cold stratification may not be a requirement for 
dormancy release in laboratory settings (Megill 2007).  Results from this study demonstrate that 
despite high viability numbers, room temperature storage and moderate temperature is not 
enough to break seed dormancy. 
Despite determining the significant effect of cold stratification on A. californica 
germination, overall germination rates were low and consistent with previous germination 
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attempts.  This persistent result could be explained or deeply entwined with the life history, 
reproductive allocation and reproduction attrition of A. californica.  Life history theory describes 
the trade-offs occurring in one life function as resources are allocated towards other functions, 
like reproduction (Aragón et al. 2009).  Arctomecon californica is reported to possess a high 
reproductive output for a perennial species (Meyer 1987, Megill 2007).  Studies in semiarid 
gypsum habitat of the Mediterranean revealed another perennial species, Hileanthemum 
squamatum (Cistaceae) also reported a high reproductive output, even in unfavorable years 
which the authors deemed “suicidal” (Aragón et al. 2009).  Curiously, both species are labeled as 
short-lived perennial species.  In arid and semi-arid climates with high environmental variability 
perennial guilds maintain populations by relying on longevity, a mechanism found to be true 
even in gypsum habitats (Caballero et al. 2008a).  However, A. californica (and Hileanthemum 
squamatum; Aragón et al. 2009) relies on a persistent soil seed bank for population persistence, a 
trait akin to annual species in the same environments.  Perhaps, in such a stochastic environment, 
A. californica devotes resources to a high reproductive output as a way to ensure the complex 
germination triggers are met for at least a proportion of seeds in the seed bank.  Seed dormancy 
mechanisms can change over time (Baskin and Baskin 1998), of the 114 seeds (0.65 m-2) pulled 
from an extensive seed bank sampling for the species, only 33% were viable (Megill 2011). 
To complicate matters, Sheldon-Thompson and Smith (1997) described reproductive 
attrition of A. californica, defined as what percentage of buds, flowers and capsules don’t 
produce seed, thus lowering reproductive potential.  They found that a large portion (10-50%) of 
A. californica reproductive potential was lost across sites and size classes, with highest loss at 
the bud and capsule stages (Sheldon-Thompson and Smith 1997).  Despite a high reproductive 
output, fruit and seed abortion are a persistent issue for the species.  Thus, low laboratory 
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germination rates, despite high reported viability rates, might be a factor of species life history 
and complex dormancy break triggers, further emphasizing the inconsistent nature of A. 
californica populations. 
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Conclusion 
Conservation and population management of A. californica and other rare native plant 
species is of particular concern for agencies and stakeholders in southern Nevada (Mistretta 
1996, Winkel 2004, Megill 2011).  The Center for Biological Diversity recently notified the state 
of Nevada “that it will seek federal endangered species protection for two rare wildflowers,” one 
being A. californica (Press Release, March 8, 2019).  A formal petition is already in place with 
the US Fish and Wildlife Service to list the Mojave poppy bee (Perdita meconis), one of the 
primary A. californica pollinators, as endangered.  The unique crossroads of these two species, 
engaged in a symbiotic mutualistic relationship, only heightens the importance of understanding 
the seed ecology and germination of A. californica.   
In the wake of disturbances, natural migration may be difficult due to restrictive 
geographic distribution of rare plant species; preserving intact, undisturbed habitat, as well as 
suitable but unoccupied habitat is thus imperative to A. californica persistence (Megill 2011).  
This study represents the crucial first step in the ability to augment or mitigate natural 
populations with laboratory cultivation, and the first captured and disseminated pictures of A. 
californica embryonic leaves (cotyledons; Figure 18).  Results indicate the significant impact of 
cold stratification on seed germination, but a potential added influence of acid and persistent low 
viability reveal a complex morphophysiological dormancy that further studies may begin to build 
upon.  With further research on the next steps in the germination process, propagation and 
growth of mature individuals, perhaps this strategy will be effective and efficient for future 
restoration and conservation efforts. 
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Figure 18: The embryonic leaves, cotyledons, of the dicot Arctomecon californica, measurement 
scale is in 1 mm increments. 
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Chapter 4: A Unique Guide for Mojave Plant Species: Using Traditional and 
Contemporary Scientific Illustration Techniques  
Foreword  
This component of my thesis reflects my passion of merging art and science in 
communicating scientific results.  A key problem facing scientists is communication. The public 
can be overcome by jargon. Some don’t have access to the right data. Some care only if directly 
affected. So how can scientific data be presented in a way that engages and impacts an audience, 
especially hard-to-reach individuals? As an overlooked solution to this conundrum, I assert that 
science and art should not exist on separate planes, polarized by different processes. I find that 
creative media can powerfully convey scientific knowledge. Therefore, my master’s thesis at 
UNLV contains a component dedicated to scientific illustration. 
Scientific illustration is the accurate depiction of objects and concepts in the sciences, 
including wildlife, botanical and medical illustrations, but also textbook illustrations and 
sculptures (Hodges 1989).  While these creations can be beautiful works of art in and of 
themselves, the focus remains on accuracy, reflecting the findings of science and technology, and 
taking the viewer to the often unobservable (Hodges 2003).   
The earliest explorers and scientists did not have computers, cameras or graphic software 
to document their work; therefore, they relied on artwork to preserve and share their work with 
others to advance their respective fields.  Indeed, some of the most important discoveries in 
science and medicine have been preserved through hand-rendered illustrations.  Leonardo da 
Vinci, Charles Darwin, and John James Audubon are just three examples of the numerous 
researchers of centuries past that were both scientists and artists (Simpson et al. 2008).  In their 
footsteps, many of today’s scientific illustrators have also been trained in both art and science, 
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providing a necessary and often underutilized service to fellow researchers who wish to convey 
their results in a visual way. 
Traditional approaches and techniques of scientific illustration include careful renderings 
in pen and ink, to precise painting in watercolor and oil paint.  The advent of printing brought 
woodcuts, copper etchings and lithography, which in most cases, outside of a fine arts realm, 
have given way to full-digital printing and even digitally rendered drawings (Hodges 2003, 
Simpson et al. 2008).  A combination of these practices is often used today, with hand-drawn or 
painted images digitally processed for reproduction and print.  Thus, scientific illustration, and 
more specifically, botanical illustration, since its beginnings has evolved with technological 
change (Simpson et al. 2008).  The use of photography, however, as a technique for scientific 
illustration has been met with criticism in the past (Hodges 1989, Simpson et al. 2008).  Despite 
this, some of the earliest photography techniques were used to create unique specimen guides.  
Anna Atkins’ 1943 work, British Algae: Cyanotype Impressions (cyanotype blueprint process 
invented by Sir John Herschel), is an extraordinary example of the first scientific manual to be 
printed using photography, while today, many modern field guides use a combination of 
photography and drawing (Schaaf 1982, Simpson et al. 2008).  Embracing digital techniques 
may come slowly in the world of botanical illustration.  However, it has been demonstrated that 
new advances in photography techniques and software, such as stacking software, can be 
combined with traditional techniques to create highly detailed images (Simpson et al. 2008) in a 
way that is fit for sharing with the scientific community and general public in the modern digital 
age.   
With that concept in mind, I aim to develop a novel illustrated guide to identifying 
Mojave native and exotic plant seeds and germinating seedlings.  My focus on young seedlings 
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(cotyledon and first leaves) would be one of the first of its kind to assist in future soil seed bank 
analysis.  Seed descriptions are often hard to interpret, and images or illustrations are nonexistent 
for many species.  My hope is that the artwork of this unique project will not only provide a 
valuable tool for land managers and fellow researchers in my field but also as a tool for public 
education for a wider audience.  Now more than ever, we need to find a way to bring scientific 
discourse to the public using a medium they can relate to.  As the old adage says, a picture is 
worth a thousand words.   
Methods  
Seeds and seedlings from my seed bank studies were used for this project.  Additional 
seeds were generously provided by USGS scientists for digital recording.  I used both traditional 
and contemporary techniques in scientific illustration.  In addition to taking high quality macro-
photographs and scans, I used a methodological approach to producing hand-drawn diagrams 
and carefully rendered line drawings that retain accuracy to physical specimens.  Drawings were 
rendered to scale in pencil and subsequently inked using professional-grade archival materials.  
The resulting illustrations were scanned and digitally post-processed for clarity and composition 
using Adobe Illustrator, Lightroom and Photoshop (2019).  Macro photographs were taken with 
a Nikon D3100 and a SIGMA 105mm F2.8 EX DG Macro OS lens.  Microscope images were 
taken with Nikon D750 mounted to a Leica MZ8 stereomicroscope using the Helicon Remote 
tethering software (Helicon Soft Ltd, Ukraine 2019).  Images were then composited for increased 
depth-of-focus range using Helicon Focus stacking software. 
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Cotyledons and First Leaves of Six Mojave Desert Plants 
  
Figure 19:  Illustration of Ambrosia dumosa cotyledons and first true leaves over a week long 
period. 
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Figure 20: High resolution scan of Ambrosia dumosa cotyledons and first true leaves 
(counterclockwise), showing seedling differences. 
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Figure 21: Illustration of Chylismia multijuga cotyledons and first true leaves (bottom to top) over a 
week long period. 
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Figure 22: Illustration of Cryptantha holoptera cotyledons and first true leaves (top to bottom) over 
a week long period. 
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Figure 23: Illustration of Enceliopsis argophylla cotyledons and first true leaves (counterclockwise) 
over a week long period. 
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Figure 24: High resolution scan of Enceliopsis argophylla cotyledons and first true leaves 
(counterclockwise), and subsequent growth over the course of a week.  
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Figure 25: Illustration of Eriogonum inflatum cotyledons and first true leaves (left to right) over a 
week long period. 
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Figure 26: Illustration of Sphaeralcea ambigua cotyledons and first true leaves (counterclockwise) 
over a week long period. 
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Seed Images of Mojave Desert Plant Species 
Amaranthaceae 
Amaranthus albus
  
87  
Atriplex elegans
 
  
88  
Chenopodium rubrum 
 
  
89  
Krascheninnikovia lanata 
 
  
90  
Apocynaceae  
Asclepias subulata
 
  
91  
Amsonia tomentosa 
 
  
92  
Asparagaceae 
Androstephium breviflorum
 
  
93  
Yucca brevifolia 
 
  
94  
Asteraceae 
Atrichoseris platyphylla
 
  
95  
Acamptopappus sphaerocephalus 
 
  
96  
Ambrosia salsola 
 
  
97  
Baileya multiradiata 
  
98  
Bebbia juncea
 
  
99  
Chaenactis fremontii 
 
  
100  
Chaenactis spp. 
 
  
101  
Dicoria canescens 
 
  
102  
Encelia farinosa 
 
  
103  
Encelia frutescens 
 
  
104  
Enceliopsis argophylla 
 
  
105  
Eriophyllum lanosum 
  
106  
Geraea canescens
 
  
107  
Heliomeris multiflora 
 
  
108  
Malacothrix californica 
 
109  
Malacothrix spp
 
  
110  
Monoptilon bellioides 
 
111  
Palafoxia arida
 
112  
Pectis papposa
 
  
113  
Psilostrophe cooperi 
 
  
114  
Rafinesquia neomexicana 
 
115  
Senecio flaccidus var douglasii
 
  
116  
Senecio_flaccidus var monoensis 
 
117  
Stephanomeria pauciflora
 
  
118  
Stylocline micropoides 
 
 
119  
Thymophylla pentachaeta var pentachaeta 
 
  
120  
Thymophylla pentacheta var belenidium 
 
  
121  
Xylorhiza tortifolia 
 
  
122  
Boraginaceae 
Amsinckia tessellata
 
123  
Cryptantha angustifolia
 
  
124  
Cryptantha dumetorum 
 
  
125  
Cryptantha holoptera 
 
  
126  
Cryptantha nevadensis 
 
127  
Cryptantha pterocarya
 
  
128  
Cryptantha spp. 
 
  
129  
Cryptantha utahensis 
 
  
130  
Pectocarya platycarpa 
 
  
131  
Pectocarya recurvata 
 
  
132  
Phacelia crenulata 
 
  
133  
Phacelia palmeri 
 
  
134  
Phacelia pulchella 
 
  
135  
Brassicaceae 
Brassica tournefortii
 
  
136  
Descurainia pinnata 
 
  
137  
Lepidium flavum 
 
  
138  
Lepidium fremontii 
 
  
139  
Lepidium oblongum 
 
  
140  
Physaria tenella 
 
  
141  
Stanleya spp. 
 
  
142  
Streptanthella longirostris 
 
  
143  
Streptanthus cordatus 
 
  
144  
Campanulaceae 
Nemacladus glanduliferus
 
  
145  
Caryophyllaceae 
Silene antirrhina
 
  
146  
Celastraceae 
Mortonia scabrella
 
  
147  
Ephedraceae 
Ephedra nevadensis
 
  
148  
Ephedra torreyana 
 
  
149  
Ephedra viridis 
 
  
150  
Euphorbiaceae 
Euphorbia albomarginata
 
  
151  
Fabaceae 
Astragalus nuttallianus
 
  
152  
Lupinus sparsiflorus 
 
  
153  
Psorothamnus fremontii 
  
154  
Geraniaceae 
Erodium cicutarium
  
155  
Lamiaceae 
Salazaria mexicana
  
156  
Salvia columbariae
 
  
157  
Salvia dorrii 
 
  
158  
Loasaceae 
Mentzelia pterosperma
 
159  
Mentzelia tricuspis 
 
 
 
  
160  
Malvaceae 
Eremalche rotundifolia
 
  
161  
Sphaeralcea ambigua 
 
 
 
  
162  
Nyctaginaceae 
Abronia villosa
  
163  
Mirabilis multiflora
 
  
164  
Onagraceae 
Camissonia spp
 
  
165  
Chylismia brevipes 
 
  
166  
Chylismia claviformis 
 
  
167  
Eremothera boothii 
 
  
168  
Oenothera pallida 
 
  
169  
Papaveraceae 
Arctomecon californica
 
  
170  
Argemone munita 
 
  
171  
Eschscholzia glyptosperma 
 
  
172  
Eschscholzia minutiflora 
 
  
173  
Plantaginaceae 
Plantago ovata 
  
174  
Plantago patagonica 
 
  
175  
Poaceae 
Achnatherum hymenoides
 
  
176  
Aristida purpurea  
 
  
177  
Bouteloua barbata 
 
  
178  
Bromus madritensis 
 
  
179  
Bromus tectorum 
 
  
180  
Erioneuron pilosum 
 
  
181  
Erioneuron pilosum 
 
  
182  
Hilaria rigida 
 
  
183  
Pappostipa speciosa 
  
184  
Schismus arabicus
 
  
185  
Vulpia octoflora 
 
  
186  
Polemoniaceae 
Aliciella hutchinsifolia
 
  
187  
Aliciella latifolia 
 
  
188  
Eriatrum eremicum 
 
  
189  
Gilia scopulorum 
 
  
190  
Chorizanthe corrugata 
 
  
191  
Chorizanthe rigida 
 
  
192  
Eriogonum deflexum 
 
  
193  
Eriogonum fasciculatum 
 
  
194  
Eriogonum inflatum 
 
  
195  
Eriogonum thomasii 
 
  
196  
Rosaceae 
Coleogyne ramosissima 
 
 
  
197  
Prunus fasciculata 
 
 
  
198  
Purshia mexicana 
 
  
199  
Rutaceae 
Thamnosma montana
 
  
200  
Scophulariaceae 
Castilleja spp.
 
201  
Lycium andersonii  
 
 
 
  
202  
Nicotiana obtusifolia var obtusifolia 
 
  
203  
Typhaceae 
Typha spp.
 
  
204  
Zygophyllaceae 
Larrea tridentata
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Appendix 1: Mean Seed Bank Density for Life History Groups  
Figure 27: Mean seed density (± SEM) by seed bank characterization method for main 
effects of life history groups seed detection in an 11-year period (2007 – 2018).  Means 
without shared letters differ at p < 0.05.  Microsites include Ambrosia dumosa (AD), 
Anulocaulis leiosolenus (AL), Arctomecon californica (AC), Ephedra torreyana (ET), 
Psorothamnus femontii (PF) and interspace (INT) openings between perennial plants. 
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Appendix 2: Mean Vegetation Cover for Life History Groups  
Figure 28: Mean vegetation cover (± SEM) by for main effects of total vegetation life 
history groups cover detected in an 11-year period (2007 – 2018).  Means without shared 
letters differ at p < 0.05.  Microsites include Ambrosia dumosa (AD), Anulocaulis leiosolenus 
(AL), Arctomecon californica (AC), Ephedra torreyana (ET), Psorothamnus femontii (PF) 
and interspace (INT) openings between perennial plants.   
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Appendix 3: Repeat Photography at Ten Gypsum Sites in The Eastern Mojave 
Desert, USA. 
  
2007 
2018 
 
Site: Blue Point Springs 
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Site: Gypsum Fluffy Curve 
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2007 
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Site: Echo Wash 
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Site:  Overton 
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Site: Bitter Springs 
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Site: Stewarts Pt. 
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